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Abstract

Enzyme design is the scientific field that aims at discovering and/or optimizing
biomolecules to reach new-to-Nature reactions. It is an area in wild expansion and
constitutes one of the cornerstones of the transition of chemical practices towards
greener alternatives.

An elegant way to construct novel biocatalysts is through the embedding of
organometallic cofactors into biological scaffolds, leading to the so-called Artificial
Metalloenzymes (ArMs). Conceptually mimicking the naturally occurring hemo-
enzymes, those hybrids bridge the catalytic versatility of the organometallic com-
pound with the substrate and spatial specificity of the biological host. The design of
ArMs has spread increasingly during the last two decades taking clear advantage of the
major expansion of structural biology and the maturity of organometallic catalysis.
In this area, many molecular variables need to be controlled (i.e. the location of the
artificial cofactor, the dynamics of the coordination sphere of the metal, the impact
of the second coordination sphere provided by the biological scaffold, etc.). Molec-
ular modelling aims to help designers to provide with structural information that
could serve for constructing optimum biocatalysts. However, despite the increasing
improvement of the computation performance and the exponential development of
new simulation techniques, the complexity of dealing with transition metal including
systems has promoted modellers not to explore the ArM constructs.

The InSiliChem group, in which this Ph.D. has been performed, has focused on
developing a specific framework for the study and design of ArMs. In particular, this
has been based on the development of in silico multiscale strategies including stan-
dard computational methods. Prior to this work, these protocols mainly incorporated
quantum based (Quantum Mechanics and the hybrid Quantum Mechanics/Molecular
Mechanics), structural statistics (structural bioinformatics) and force-field based ap-

proaches (Protein-ligand docking). However, two limitations existed: First, the pro-
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tocol did not introduce extensive sampling of the pre-catalytic space (meaning the
ensemble of geometries of the system susceptible for the reaction to proceed). Second,
regarding the applicative side, it was used to elucidate the mechanism of previously
characterized ArMs but was never tested for de novo enzyme discovery and optimiza-
tion, the true goal of enzyme design.

This Ph.D. was aimed at increasing the potentiality of our computational platform
for ArM design by 1) including classical Molecular Dynamics simulations into the
integrative computational framework and 2) testing the validity of the methodology
for the design of real case ArMs.

The results obtained could be summarize as follows:

1. The catalytic mechanism of two novel ArMs were decoded using the updated
computational pipeline. These were a copper-Phenanthroline containing hy-
dratase based on the Lactococcus Multidrug Resistance Regulator (LmrR) and
a variety of novel mutants based on Streptavidine-Noyori complexes for cyclic
imine reduction reaction. From the technical point of view, their study leaded to
two major challenges: the optimization of the workflow for the parametrization
of the metallic systems inside the AMBER force field and the incorporation of
GPUs accelerated sampling. The study revealed the importance of the contri-
bution of the MD simulations to decode the catalytic mechanism of these ArMs
and to assess the impact of second sphere mutations on the catalytic tendencies.

(Chapter 4)

2. Using the same approach, calculations were carried out for the in silico design
of hydratases, but in this case based on the inclusion of a novel unnatural amino
acid. This was first applied to the LmrR scaffold, for which mutants suggested
via computation for optimum enantiomeric excess (ee) were then experimentally
assessed with success. Next, based on the experience obtained, we expanded the

de novo exercise towards the identification of peptidic scaffolds able to support
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the inclusion of the same unnatural amino acid to become efficient hydratases.

(Chapter 5)

3. The final part of the work focused on deciphering molecular variables that our
previous studies showed to be far more complex than expected. This was the
impact of the active site configuration to define the catalytic activity of the
ArMs. In particular, we decoded the rearrangement of a variety of LmrR-
heme complex for the cyclopropanation reaction to proceed. From this study
it clearly appeared that the flexibility of the receptor is key for the porphyrin
based ArMs to reach their catalytic activity. To further assess the importance of
this molecular variable, we expanded this work to the study of distinct naturally

occurring heme binding proteins. (Chapter 6)

Overall, this Ph.D. represents a step forward on the methodological development
of the computer based enzyme design. Furthermore, it sheds light on how transition
metal compounds could cooperate with biological scaffolds at the molecular level with

the focus on the de novo design of new biocatalysts.
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Chapter 1

Introduction

1.1 Taking advantage of Nature’s benefits

Since prehistory humans have been conscious about the strengths of Nature machinery
and have exploited it to achieve their own purposes, ranging from the elaboration of
alimentary products like wine, beer and cheese to its application on areas such as
pharmacology and industry. Taking advantage of biological catalysts or enzymes to
carry out chemical transformations is known as biocatalysis. [1]

At the end of 19th century and the beginning of 20th biocatalysis emerged as a
new technology with scientific potential. With the development of well-established
biotechnological approaches, such as protein engineering, enzyme immobilization,
managing living cells or bioinformatics, [1-4] it has been implemented in many suc-
cessful chemical processes, being the most famous cases related to C-O/C-N reduc-
tases and oxydases, acyl transferases and glycosidases. [5]

Biocatalysis not only represents a powerful way for controlling chemical reactions
in terms of catalytic specificity and enantiosectivity, [2-5] it is also paves the way for
the transition of chemical industries towards greener practices. [6] However, the high

specificity that characterizes the naturally occurring enzymes to recognize a narrow



substrate scope drastically reduces their field application. Tricking Nature’s enzymes
to create new ones that meet real industrial benefits is a raising area of research lying
at the midpoint between biology, chemistry and physics. This is the field of enzyme

design.

1.2 Enzyme design approaches

Tailoring new efficient enzymes usually encompasses two steps: discovery, which is
related to the detection of a new receptor or substrate after a rational or random
search process, and optimization, in which the properties of the new enzyme like
yield, selectivity or specificity are iteratively improved to achieve the desired objective.
Depending on the goals of the researcher and the raw material available at the initial
stage of the study, the design of an enzyme with a novel activity could require major

efforts in the first, second or both steps.

1.2.1 The enzyme discovery stage

Depending on the strategies employed for achieving new enzymes, these can be

grouped as:

De novo enzymes

This category includes: on one hand, those enzymes generated “from scratch”, i.e.
their whole structure is absent from Nature; on the other hand, those generated from
existing folds but provided with absolutely different functions.

The ideal situation to generate de novo enzymes would be getting “from scratch”
non-natural scaffolds able to satisfy pre-defined features related to a determined cat-
alytic activity, substrate specificity or enantio- and regioselectivity. However, achiev-

ing the most stable geometry without any structural information, would require the



massive exploration of the conformational and chemical spaces as well as an exten-
sive mutational analysis(Figure 1.1 a), a context which nowadays is out of range.
More accessible ways to obtain usefull tertiary structures results from implement-
ing complex algebraic equations to achieve feasible backbone geometries based on
“sequence-independent” design principles, [7-15] followed by a process of sequence
sampling over the pre-stated backbone structures (Figure 1.1 b); or, alternatively,
joining pre-existing structural “building-blocks” from functional proteins (Figure 1.1
c). [16-18] These strategies result more achievable since designs are based on well-
defined structural patterns. Some successful approaches which follow the "building-
blocks” philosophy are the de novo enzymes based on helical bundles [8,9,11,12,19-23]
and the pharmacologically active disulfide-crosslinked peptides. [23,24]

Also a variety of computational tools exits which help to predict de novo folds
from available primary sequences based on tertiary structures of phylogenetically
related proteins. Probably the best recognised are the Homology Modelling (HM)
[25] and Rosetta [26,27] approaches. The former is quite useful when existing 3D
structures available at the Protein Data Bank (PDB)! [28] with a sequence similarity
of a minimum of 25-30% to the target sequence. The later uses algorithms based
on pre-existing structural patterns to model de novo folds and has demonstrated a
very good performance when predicting the folding of sequences up to 125 amino
acids. [27]

An alternative and more accessible trend for the de novo enzyme design consists in
adapting natural non-catalytic scaffolds to provide them with a determined catalytic
activity (Figure 1.1 d). The changes both can consist in performing random point
changes along the protein scaffold via directed evolution techniques, [29-34] or can be

rational and focused on certain areas of the protein. The main limitation of altering

IThe Protein Data Bank is probably one of the most important contributions to structural biology
due to the exponential increase in the amount of registered structures of proteins, nucleic acids and
complex assemblies since its foundation in 1971. Consisting initially of only 7 structures, nowadays
contains structural information of around 137,000 proteins and more than 24,600 ligands.
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the native protein scaffold is that cumulative modifications can lead to substantial
structural changes [35] that, in the worst case scenario, can promote unfolding or

aggregation.
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Figure 1.1: Strategies for the de novo enzyme design.

Re-designed enzymes

This group encompasses catalytically efficient enzymes that have been modified by
performing biochemical changes on the scaffold, the cofactor (if any) or the sub-
strates to achieve different chemical reactions or to improve properties such as yield,
selectivity or substrate specificity. Here, promiscuos scaffolds appears promissing to
modulate the catalytic outcomes since their versatility easies the process to drive
their preference for the adequate catalytic pathway. [36] Depending on the biological
level at which the system is manipulated, two main categories can be differentiated:

sequence-based and structure-based enzyme re-design.
4



Sequence-based enzyme re-design The approaches comprised in this group
combine Multiple Sequence Alignments (MSAs) with phylogenetic analysis to identify
functional “islands” of conserved amino acids at the protein sequence and ancestral re-
lationships between proteins. Then, these hot spots are submited to local amino acid
variability to generate new designs. Some helpful computational tools which facilitate
the data analysis stage are: the HotSpot Wizard server, [37] which combines struc-
tural information from homology models or 3D-structures with extensive sequence
database to generate the mutations; [38] the 3DM database, [39] which, additionally,
is able to update itself from literature with new structural and functional informa-
tion; [40-42] the Reconstructing Evolutionary Adaptive Paths (REAP), [43] which is
based on phylogenetic studies on ancestral proteins to identify key mutations lying at
functional divergence points during evolution to generate functional enzyme libraries;
and ProSAR, [44] a directed evolution methodology described by G.W. Huisman et.
al for performing statistical analysis based on protein activity-sequence patterns to

facilitate the identification of advantageous mutations.

Structure-based enzyme re-design The rapid increase of the amount of 3D-
structures into the PDB together with the rapid advances on computational ap-
proaches (specially homology modelling tools) allows protein engineers to identify
functional residues for performing more specific catalytic models. These strategies
are generally based on generating libraries of mutants that are tested and filtered
to identify the best candidates for specific purposes. Getting a successful candidate
highly depends on the quality of the pre-stated library of mutants, being usually the
most limiting step of the process. To ensure building good quality libraries, these
strategies are usually initiated by computational inputs which help to guide the de-
sign of the variants and also allow scientists to achieve their proposals with less effort

and in a much faster way. This has resulted as a powerful approach for modifying



the cofactor or substrate specificities by altering not only amino acids located at
the active site [45-48] but also amino acids lying at further distances that through
"cascade” effects ultimately promote functional benefits. [49-51]

As a noteworthy example, Reetz and coworkers stated the iterative use of Ilterative
Saturation Mutagenesis (ISM) and Combinatorial Active-site Saturation Mutagenesis
(CAST) as a powerful alternative when only low or medium throughput screening ap-
proaches are available. [52] ISM directs mutations towards defined sets of up to three
amino acids at the active site and then, for each set, all possible variants are screened
via CAST. Only the improved mutants are iteratively submited to new rounds of ISM
plus CAST allowing them to evolve towards the desired direction. A variety of suc-
cessful designs exists that have stated their bases on this methodology supporting its
high efficiency and versatility. [49,52-56] A drastically different strategy is known as
chimeragenesis, which focuses on the combination of structural moieties from differ-
ent proteins or peptides for the construction of functional chimeras. A very effective
computational framework for predicting feasible recombination of interchangeable
fragments with minimal structural disturbance is SCHEMA, [57] which has been suc-
cessfully applied to systems such as cytochrome P450, [58] p-lactamases [59] and
cellobiohydrolases. [60,61]

Artificial Metalloenzymes

At the middleground of the above categories lie the Artificial Metalloenzymes (ArMs),
which result from including a catalytically active organometallic cofactor into the con-
text of an asymmetric biological scaffold leading to non-natural reactions. This thesis
has been focused on the study and the development of this growing area and thus,
separate sections will be devoted later. Especial interest will be placed on emphasiz-
ing the latest developments in the field, regarding its application to organic chemistry

and industry and the available computational tools that aid with the challenging task



that their design and optimization mean. A very recent book summarizes the best

achievements in this area. [62]

1.2.2 Optimization strategies

The first generation of a non-natural enzyme may not have all the desired catalytic
performance. Usually, further optimization steps are required to improve features
such as yield, stability or substrate specificity, between others. For that purpose, two

main strategies exist:

Rational re-design

The system is consciously optimized by performing rational changes in the close
vicinity of the point where catalysis take place. [63] It is purely based on structural
criteria and is carried out both via mutations or using non-canonical amino acids.
[64,65] As the number of newly generated variants is limited, it is a cheap approach
but, on the counterpart, it requires initial structural and (bio)chemical knowledge

about the system under study, something that is not always accessible.

Directed evolution

They are based on performing changes via a random and massive mutagenesis. The
resulting library of variants is then subjected to high-throughput screening based on
a selective pressure, in this case the desired reaction, and the more efficient ones are
selected. This first generation of mutants is released to a new random process of muta-
genesis, leading to the second generation of variants. The mutagenesis and screening
processes are iteratively repeated until highly efficient scaffolds are obtained (Figure
1.2). [66-68] It has been demonstrated that the number of iterative cycles dictates the
efficiency of the final candidates. [68] This strategy has been extensively used and has
been proved to be highly successful to drive the enantioselective profiles of enzymes

7



towards a desired direction. [69] Since it is a “blind” process, its main advantage is
that previous molecular information of the system is not required. In contrast, it is
relatively time and resource consuming and obviously lacks any rationalization on the

nature of the molecular origin of the enzyme improvement.
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Figure 1.2: Directed evolution strategy.

During the last decades directed evolution approaches have transformed the area
of protein engineering, being one of the main driving forces behind the understanding
of protein structure and function. This has allowed large mutational libraries to
evolve towards more focused functional ones, expanding the scope to the so called

semi-rational designs. [70]

Semi-rational approaches

Aiming to bridge the advantages of both rational and directed evolution strategies,

some research groups focus on performing knowledge-based random changes. When

8



X-ray structures of an enzyme are available, it is possible to direct these variations
only to functional amino acids located at the active site that consequently are far
more likely to influence catalysis. This strategy encompasses several advantages such
as reducing the cost of the process regarding a pure directed evolution process and
enhancing the probability of detection of cumulative effects than can have a strong
impact on the catalytic mechanism. [70] However, changes on both long range inter-
actions and the structural effects generated by amino acids lying at further distances
from the active site (known as “cascade effects”) which can be beneficial for cataly-

sis [50,71,72] are neglected.

1.3 Artificial Metalloenzymes

1.3.1 An overview

Regarding catalysis, transition metals are of the most versatile elements of the peri-

odic table, due to the special features comprised in their proper nature: [73]

e They have a large charge/radius ratio and this can vary depending on the co-

ordination environment, acquiring negative, neutral or positive charge.

e They can interact with both organic and inorganic ligands and, depending on
the ozidation state, the coordination number and geometries can vary giving
rise to a large variety of shapes and complexes with interesting magnetic and

electronic properties.

e The Lewis acid character of metals provides them with high electron affinities
and promotes polarization of the ligands, easing chemical processes such as the

hydration reaction.



e They have a partially filled d-shell that allows them to perform one electron
oxidation and reduction reactions by interconversion between the different oxi-

dation states

Nature has taken advantage of these special features by including transition metals
into the context of biological scaffolds to provide them with structural benefits and/or
allowing them to become efficient catalysts. In fact, they are present in one-third of
the known proteins, [74,75] in which are included the so-called metalloenzymes. [76]
These are essential for the correct performance of many biological processes such
as the transmission of nerve impulses and biological reactions like those involved in
oxygen transport, energy transfer or photosynthesis. Additionally, the embedding of
the metal into a biological cavity provides a protective environment which controls
its oxidation state and reactivity, fact which results essential in life systems to pre-
vent toxicity. For example, chromium (III) is required in glucose metabolism [77]
but chromium (VI) results toxic and carcinogenic. Metalloenzymes have evolved over
centuries and have been naturally selected to become the most efficient constructs
for a specific task. Their activity is driven by the nature of the first and the second
coordination spheres of the metal. The former is constituted by the nearby area of co-
ordination to the metal and is the responsible of the most of the catalytic properties.
The later corresponds to the asymmetric environment provided by the biological scaf-
fold and modulates the catalysis by defining selective profiles and substrate specificity.
This architecture makes them to be highly selective and to recognize a restrained sub-
strate scope. [4] Although a variety of natural enzymes with interesting applicability
exists, [5] that fact limits their use for industrial purposes.

Artificial Metalloenzymes (ArMs) arise as an elegant strategy to merge the ver-
satility of transition metals with the selectivity and specificity of enzymatic cataly-
sis. [78] This is achieved by including well-known organometallic cofactors or non-

canonical aminoacids able to bind metals into the context of biological scaffolds (Fig-
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ure 1.3). [79-83] This promotes the reorientation of the natural activity of the macro-
molecule to become novel biocatalyst. The successful application of the concept has
boosted the interest in the field and the number of new ArMs has strongly increased
over the last decade. The generation of new ArMs is still a continuing growing area
driven by the design and identification of new ligand-host partners able to perform

specific functions absent from Nature.

Biological Transition i ’ ( s
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Figure 1.3: Graphic representation of the artificial metalloenzyeme concept .

1.3.2 Artificial Metalloenzymes design

Tailoring proteins for reaching non-natural activity is one of the major challenges
for protein engineering and structural biology. For this purpose, the combination
of chemical and structural knowledge as well as the understanding of the catalytic
mechanism of novel enzymes results essential. [84]

Following the two steps process for the design of non-natural enzymes exposed
previously (discovery and optimization), the first step in ArMs design at the dis-
covery stage is the identification of an initial convenient partnership between the
homogenous catalyst and the corresponding biomolecule.

The selection of the homogenous catalyst depends obviously on the type of catal-
ysis that is targeted. This takes into account specific features like the nature of both
the metal (if it performs redox or non-redox-reactions, if is catalytic or just assist

catalysis, or if carries out electrostatic stabilization) [85] and the ligand it is bound
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to (mono- or poly-dentate species such as amines, pyridines, tridentate Schiff bases
or phosphines). One or a set of synthetic catalysts can be selected as part of the
starting material to approach the final design.

Selecting a feasible scaffold (usually a protein nowadays) for experimental practices
requires taking into account some fundamental features such as its good thermal and
structural stability and its easiness of expression. Additionally, as the protein-cofactor
complex has not been naturally optimized and the cofactor may differ a lot from the
natural ligand, the host must be flexible and stable enough both to adapt its structure
and to support mutations during the optimization stage.

The major challenge relies on getting a stable enzyme-cofactor-substrate triad able
to behave in synergy for an efficient catalysis. [86] To facilitate this process, designs
are usually based on previously solved X-ray structure with well-identified anchoring
cavities. In the last years, a variety of successful biological scaffolds that own these
qualities have been widely used for the design of ArMs [87] like Streptavidin (Sav),
[88] Bovine Serum Albumin (BSA), [89-91] cytochrome P450, [92] Neocarcinostatin
(NCS) [93] or the Lactoccocal Multidrug Resistence Regulator (LmrR). [79,94,95] The
use of DNA strands as scaffold has also led to successful designs for enantioselective
catalysis. [96-100]

To include the artificial cofactor into the protein scaffold different strategies can
be used (Figure 1.4). This is referred to supramolecular anchoring if the embedding of
the artificial cofactor into the host is driven by molecular recognition affinity via non-
covalent interactions [36,36,89,90,101]; to covalent anchoring if the organometallic
cofactor is directly linked to the protein scaffold by a covalent bond; [79,95,102] or to
dative anchoring if the enzyme is rich in coordinating residues (those containing S, O
or N functional groups) able to bind directly the unsaturated metal centre. [91,103]
Alternatively, the artificial cofactor can be introduced into a protein cavity via a

"Trojan horse” by taking advantage of the high affinity that the host protein has
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for another non-covalently linked ligand, as is the case of Streptavidin/avidin-biotin

based ArMs. [88,104]

/—"_“"m..

Figure 1.4: Anchoring strategies to firmly localize an organometallic cofactor into a
biological host: a. supramolecular, b. covalent, c. dative anchoring and d. Trojan
horse strategy.

Sometimes, the presence of stabilizing and/or reactive residues at the active site
makes the initial design to be catalytically efficient. [87,94] However, this is not the
normal case and, usually, further optimization is required to reach specific chemical
purposes such as improved yield or enantioselective profiles.

The optimization stage is usually focused on modifying the protein scaffold in
the close surroundings of the catalytic area to generate a library of variants with
optimized performance. [105,106] The successful ArMs can constitute the base for
additional (usually rational) re-design (Figure 1.5), which could involve a large variety

of biological and/or chemical changes on the host-cofactor-substrate complex like:
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Change the biological scaffold for another which is able to satisfy pre-defined
structural requirements, both for fixing the cofactor and properly allocating the

substrates to perform catalysis of the same or improved quality. [36, 98]

Try different substrates able to modulate the catalytic mechanism, the molecular

recognition or the type of catalysis. [105]

Metal and/or cofactor substitution into the same receptor to give raise to im-

proved or to other new-to-nature reactivities. [94,95,107]

Perform rational mutagenesis on the active site amino acids either to alter the
chemistry of the system or to adapt the receptor to variations performed on the

substrate or the cofactor. [95,105]

Modify the location of the catalyst into the protein scaffold, providing a different
chemical environment as well as a new vacant place for the accommodation of

the substrates (no reported cases yet).
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Figure 1.5: Rational ArM re-design at the optimization stage.

1.3.3 The revival of the field

The first asymmetric synthesis catalysed by a transition metal aided by a protein was
reported in 1956 by S. Akabory and coworkers, [108] which performed the asymmetric
hydrogenation of dehydroamino acid derivatives based on silk fibroin impregnated
with a palladium catalyst. Later, during the 60’s and 70’s, some studies on natural
metalloenzymes were done based on metal substitution, some of which experienced
substantial changes in either the activity [109,110] or selectivity [111] of the enzyme.
Even worth mentioning as they comprise the first attempts in enzyme design, all
these constructs lie out of the concept of ArMs which, by definition, considers an
organometallic cofactor into the non-native context of a biological scaffold. Based on

this, in 1978 Wilson and Whitesides performed the first series of ArMs by embedding
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an achiral diphosphinerhodium(I) catalyst into a variety of protein scaffolds to get the
asymmetric hydrogenation of the a-acetamidoacrylic acid. [112] During the following
decades the field failed to attract much attention and only a few examples of enzymatic
enantioselective catalysis were reported, mainly based on the bovine serum albumin
(BSA) protein. [91,113]

It has not been until this century that the developments on structural biology
and protein engineering have promoted a major expansion of the field. [87] The suc-
cessful outcomes have caught the interest of scientist community and have boosted
the revival of the area, promoting the exponential increase of the successful designs
for reaching interesting chemical reactions such as C-C bond formation, C-H acti-
vation, olefin metathesis, oxygen insertion, hydration and reduction processes, with
impressive enantioselective levels in many cases. For a more extense information the
reader can refer to the variety of nice recent reports that exist comprising the most

successful advances on the ArMs design during the last decades. [62,73,87,114, 115]

1.4 In silico design strategies

The computational framework for studying a biocatalyst must account for events oc-
curring at different length and time scales that, in conjunction, describe a certain
process. This usually requires accounting for computational approaches based on
different levels of theory that are combined leading to multiscale strategies. These
can be of very different nature depending on: the stage of the design the researcher
is (discovery or optimization), the amount of available information when initiating
a case of study and the final goals (searching conformations, identify new scaffolds,
substrates or cofactors, analysis of the reaction mechanism, modifying the selectivity,
etc). [116] Next sections comprise the most relevant applications of the in silico ap-

proaches to the enzyme design field, grouped by the different nature of the designs (de
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novo or re-designs). Last, a separated section especially focused on ArMs designed

via computation will be devoted to close the Chapter.

1.4.1 De novo designs

A remarkable de novo design was performed in 2001 by Mayo and coworkers, when
converted the non-catalytic E. coli thioredoxin into an effective esterase. [117] Via
computation, they were able to identify catalytic positions and stabilizing mutations
which drastically increased the rate of the p-nitrophenyl acetate hydrolysis reaction.
Their strategy was then expanded by Baker and coworkers for a large variety of suc-
cessful de novo designs able to perform reactions absent from Nature, including Kemp
eliminases, [118] Diels-Alderases [119] and Retro-Aldolases [120]. These were mod-
elled based on their own stated protocol which comprised, first, the design of a library
of catalytic models known as "theozymes”, followed by their inclusion into protein
scaffolds able to provide with the adequate environment with the RossetaMatch algo-
rithm. [121] The new designs were then optimized via rational changes and directed
evolution techniques for enhancing catalytic activity. [118,122-125] The same group
continued extending their strategy both to find potential protein scaffolds able to
catalyse the Morita-Baylis-Hillman (MBH) reaction [126] and to construct a variety
of artificial sterases. [127,128§]

Separately, Ruscio and coworkers supported the relevance of incorporating Molec-
ular Dynamics (MD) simulations into the design protocols to get adequate optimized
models of an alternate retroaldolase enzyme. [129, 130] More interestingly, Lu and
coworkers combined homology modelling approaches with MD simulations to repro-
duce the active site of the nitric oxide reductase (NOR) -an important protein in
signal transduction pathways for which no structural information was available- into
the myoglobin scaffold for the design of a catalytically active NOR model [131] that

was used as starting point by the same group for further re-design. [132]
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Between the most popular in silico strategies for the de novo enzyme design are
those reported by Houk, Mayo and Backer, [127] which perform initial Quantum
Mechanics (QM) calculations to identify the TS geometries and the chemostructural
environment required for its stabilization. Then, a reduced model of the active site
called “theozyme” [133] is generated, followed by the identification of natural hosts
that, once optimized, are able to fit these TS geometries. This screening process
is performed by search algorithms that help to fit the described theozyme with the
active site geometries of well-known protein structures from the PDB database. [134]
Programs such as RosettaMatch, [121] Dezymer, [135] ORBIT, [136] OptGraft, [137]
PRODA_MATCH, [138] SABER [139] or ScaffoldSelection [140] help to perform this

task.

1.4.2 Re-designed enzymes

Re-design protocols are usually used by protein engineers to enhance protein stability
or catalytic activity [45] and have also led to a wide range of successful protein
models. In this context, Protein-ligand docking technique has been demonstrated to
be a powerful tool at initial stages of the designs followed by rational [141] or semi-
rational [51] optimization. Proteins such as Cytochrome P450, [141] glucose 6-oxydase
[142] and S-adenosylmethionine synthase (SAMS) [143] have resulted adequate hosts
for re-designing based on docking approaches. This approach has been demonstrated
to be highly versatile for the study of a large variety of systems when refined via
MD simulations [144-147] and full QM or hybrid Quantum Mechanics/Molecular
Mechanics (QM/MM) approaches. [148].

QM/MM calculations have been widely implemented also as part of multi-stage
protocols in recent years for the optimization of enzymatic systems. [149,150] Remark-
able examples are the optimization of Kemp eliminases by Houk and coworkers by

combining QM, QM /MM and MD simulations; [151] or the engineering of the Lacasse
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enzyme carried out by Victor Guallar and coworkers by combining MD simulations
and QM /MM approaches. [152]

Other successful protocols are based on the in silico generation of initial libraries
of mutants that are then analysed and filtered based on chemical interests. More
specifically, Codexis program was used by Houk and coworkers to generate variants
of a ketoreductase (KRED) that were then analysed via MD simulations. [153] In
the same way, the very interesting Framework for Rapid Enzyme Stabilization by
Computational libraries (FRESCO) workflow reported by Wijma et al. based on
combining structure prediction programs with MD based screening steps was used
to generate functional variants of a limonene epoxide hydrolase. [154] Alternative
computational tools which help to overcome the challenges that protein re-designing
encompasses are: OptZyme, which aims at reducing the TS barriers occurring at
the active site by rational redesign and was used to improve the catalytic activity
of the E. coli a-glucuronidase (GUS); [155] the Dynamic Disulfide Discovery (DDD)
algorithm, which attempts to predict the disulphide bonds that can be formed in
a protein by analysing frames of the MD simulation and was the first step of the
previously mentioned FRESCO workflow; [154] and the K* algorithm developed by
Chen et al., that was used to successfully identify positons at the active site to switch
the substrate specificity of the gramicidin S synthetase enzyme. [156]

As last relevant case, Murphy and coworkers demonstrated that re-designs do
not need to be limited to one or to a reduced number of mutations, but they can be
based on the replacement of entire fragments of the proteins. Taking advantage of the
Rosetta Design algorithm [157] they performed the re-design of the human guanine
deaminase (hGDA) through the substitution of entire loops achieving high specificity
for ammelide substrate while decreasing the activity for guanine, which meant an

important advance for suicide gene therapy. [158]
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1.4.3 Artificial Metalloenzymes

Accounting for the insertion of homogeneous catalysts into a biological scaffold en-
hances the difficulty of the study due to the necessity of predicting the complemen-
tarity and interactions between three entities: the biomolecule, the cofactor and the
substrates. Additionally, the most commonly used force-fields do not include param-
eters for the majority of organometallic interactions and these need to be properly
parameterized. This task is hampered by the fact that, the binding could lead to
modifications on the homogeneous catalyst related with changes on the metal first
coordination sphere or on its electronic state, or to structural rearrangements on both
the cofactor and/or the protein host. All these reasons promote that the majority of
the in silico studied enzymes containing metals are related to systems composed by
metals directly linked to the biomolecular scaffold (no ArMs by definition), and are
based on modifying the close surroundings of the metal, the metal itself or on finding
new coordinating spaces along the protein surface. [159-161]

Among the few reported examples of in silico aided ArMs desings is the case of
study of the Nika protein by Ménage and coworkers. They were able to include and
stabilize different iron containing cofactors via the protein-ligand docking technique.
Further computational screening allowed to recognize substrates with best catalytic
potential that were then experimentally supported. [162,163] Separately, Morokuma
and coworkers were the first in rationalizing the catalytic mechanism of an ArM by
QM /MM approaches. [164] Based on the ONIOM scheme they were able to study de
mechanism of the apo-Ferritin protein containing a [Rh(norbornadiene)Cl]y catalyst
and elucidated the best cavity into the protein for the polymerization of the pheny-
lacetylene substrate. Probably the most relevant integrative strategies found into the
field are the ones performed by Houk and Baker. [33] They tried different multiscale
protocols based on the combination of QM, full QM cluster models, QM /MM full size
protein models and classical MD simulations. The inclusion of MD simulations into
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the protocol elucidated substantial differences on the side chain and backbone dy-
namics in solution that appeared to be critical for the proper differentiation amongst
the active and the non-active entities.

Our group is focused on overcoming the issues related with the study of ArMs
and has reported a variety of studies based on multiscale strategies for their specific
study, [86,95,105,165-171] some of them included into this thesis. These comprise
from ligand-protein docking based protocols to complex integrative strategies for the
rationalization and optimization of different artificial systems and include at least two
of the next steps: 1) the QM study of the catalytic mechanism for elucidating the TS
geometries, 2) the docking of specific cofactor-substrates complexes into the protein
scaffold, 3) the analysis of the dynamical behavior of the complex, 4) the evaluation
of energy barriers via QM /MM approaches and 5) post-optimization strategies. Some
examples are: the inclusion of Ir and Mn containing porphyrines into the Xylanasa A
protein to construct and analyze the enantioselective profile of new peroxidases; [167]
the engineered variant of Neocarcinostatin (NCS) developed by Mahy and coworkers
for synthesizing asymmetric oxydases; [172] the study of the several ArMs synthesized
by Roelfes and coworkers based on the LmrR protein bound to Cu(II)-phenanthroline
and Cu(II)-bipyridine cofactors for the enantioselective hydration of ketones and the
Friedel Craft alkylation reaction, or to hemin for enantioselective cyclopropanation;
the Sav based ArMs developed by Ward’s group which include a biotinylated Cp*Ir-
Noyori’s like catalyst for the asymmetric transfer hydrogenation of imines. [105, 166]

Integrative strategies has been demonstrated to be powerful not only for rational-
izing experimental chemical outcomes but also to go one step further towards more
intuitive frameworks related with the amazing area of enzyme design. Next Chapter
summarizes the workline followed along the Ph.D. as well as the main goals which

have driven the different studies comprised in this Thesis.
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Chapter 2

Objectives

The main objective of this Ph.D. is the development of an efficient and robust compu-
tational framework for the rational design of Artificial Metalloenzymes (ArMs). This
effort constitutes a natural step along the research line of the InSiliChem group as
well as a major leap in moving from descriptive to predictive works.

Since 2010, our laboratory pioneered the development, optimization and appli-
cation of multiscale strategies in Bioinorganics with a major focus to the study of
key elements of the mechanistic features of ArMs (i.e. substrate and cofactor speci-
ficity or mutagenetic profiles). This Ph.D. embraces all the theoretical and technical
knowledge reached so far and pretends to apply them to the computer aided design
of novel enzymes.

Aware that this challenge can not be limited on pure computational inputs with no
real world feedbacks, the work has been supported by strong collaborations with the
experimental groups of Gerard Roelfes (University of Groningen) and Thomas Ward
(University of Basel), two pioneers in the field of ArMs. In the following paragraphs,
I present the specific objectives of the work and how they are divided between the

different chapters.
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Studies presented in Chapter 4, are aimed at testing several optimizations of our
multiscale strategies. In particular, we expanded the workflow further than QM,
dockings and QM /MM by introducing massive use of Molecular Dynamics. Focusing
on two reactions, the hydration of alkenes by copper coordinating cofactors (Roelfes’
group) and the reduction of cyclic imines by an iridium-piano-stool catalyst (Ward’s
group), our multiscale strategies have been substantially updated. This part of the
Ph.D. present excellent agreement with experimental results including the under-
standing of directed evolution and regio-specific interactions. Thanks to these results,
our updated framework serves as the starting material for the following works of the
Ph.D.

Studies presented in Chapter 5, are focused on applying our skills to rational
enzyme design and to test its viability. Focusing on the hydration reaction, we aimed
at generating new systems using two different types of scaffolds: 1) the LmrR enzyme
and 2) peptides up to 30 residues. The excellent results obtained overpassed the initial
expectations. However, the set of studies also lead us to a series of unanswered but
fundamental questions when dealing with the binding of organometallic compounds
to protein, and the final chapter of the thesis concentrates on several of these aspects.

Finally, Chapter 6 aims at elucidating how a modeller can predict and handle pos-
sible complex conformational rearrangements after binding of homogeneous catalysts
to proteins. As the mechanism of the binding of natural metallic cofactors like por-
phyrins has never completely been resolved and a long list of relevant heme proteins
are available in the Protein Data Bank, we decided to start on those systems focusing
on a variety of naturally occurring heme binding proteins. Surprisingly, in the process
of this study, the group of Roelfes identified the strong binding of the heme group into
the LmrR scaffold, which leaded to good cyclopropanation reaction profiles. Unfor-
tunately, the solved X-ray structure is not able to characterize pre-catalytic binding

modes of the heme and the substrates hampering possible re-design. Computation
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has been employed to decode possible structural rearrangements of the ArM which

allow the incorporation of the substrates for the reaction to proceed.
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Chapter 3

Theoretical background

3.1 Molecular modelling

Theoretical chemistry aims at combining mathematical methods and fundamental
laws of physics to study chemical processes. [173-176] The area which involves the
resolution of the equations proposed by theoretical chemistry via computer simulation
is known as computational chemistry. Previous to the development of electronic com-
puters (1950’s), the approachable calculations were quite limited. Over the decades,
the improvements on the performance of computers have allowed the exponential
increase of the complexity of calculations and subsequently the size of the systems
that can be afforded. Nowadays, computational chemistry aims at assisting chemists
by elucidating the transformations and properties of molecules for the description of
chemical phenomena. This, in conjunction with the advances on the experimental
techniques, have expanded the knowledge in different chemical subfields like transi-
tion metal catalysis and opened the door to areas of more recent enhancement such
as enzyme modelling.

Although computers are the tool which allows applying theory to describe systems

by performing complex calculations for us, they are just tools that still require hu-
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mans to provide the initial description of the system by solving two main questions:
1) how the particles constituting the system are distributed and 2) what the nature
of these particles is. The former regards the starting point accessible to the part of
the phase space (all the possible values of the velocities and positions for all the par-
ticles composing a system, whose theoretical description is obviously out of context)
which corresponds with a certain chemical phenomenon. The later relates to what
is understood as “particles” since they can be considered of a very different nature:
(bio)chemical processes are usually composed by a sum of tinny events occurring at
different length and time scales, similar to a puzzle that have pieces which, at the
same time, own specific shapes and draws. A colour blind person should be able to
make the puzzle but fail to distinguish the range of colours which characterize each
piece. Similarly, determined chemical events are only approachable by a determined
theoretical method which will be dependent on the nature of the particles or “building
blocks” (electrons, atoms, amino acids ...) selected to describe such phenomenon.
For example, the conformational analysis of a molecule requires a method able to deal
with the exploration of the conformational space in a reasonable period of time. In
this case, atoms constitute the elemental particles of the system and the use of a level
of theory which explicitly considers electrons would increase unnecessarily the calcu-
lation effort. In contrast, catalytic events involving bonds breakage and formation
requires the analysis of a very specific conformation and a level of theory which explic-
itly accounts for the electrons, which in this case constitutes the elemental particles
of the system. Concluding, depending on the type of chemical phenomena we want
to describe, the different levels of theory must be consciously selected or combined to
approach results at a reasonable accuracy/cost ratio.

Two main levels of theory are accounted for in molecular modelling: Quantum
Mechanics (QM) and Molecular Mechanics (MM). QM explicitly considers nuclei

and electrons of the molecules, so it is time consuming (being still limited to sys-

26



tems with no more than 500 atoms) but is able to model processes which encompass
bonds breakage and formation. On the counterpart, MM considers atoms as classical
particles with a specific mass, net charge and radius. Since it does not account for
electrons explicitly, calculations are greatly simplified and thus, they can be applied
to big systems and afford massive conformational sampling.

The next sections comprise an overview about the different levels of theory which
constitutes the area of molecular modelling, as well as an outline of the available
computational tools with particular focus in those used for modelling and describing
the specific systems boarded along the different chapters of this Thesis. A very re-
cent book which comprises the state-of-the-art molecular modelling has been recently

published. [177]

3.2 Quantum Mechanics

3.2.1 Basic concepts

For an accurate description of the electron distribution QM solves the time-

independent non-relativistic Schrodinger equation:

HU(z) = BV() (3.1)

being the wave function ¥ related with the probability of finding these particles
(electrons) for a determined quantum state. W and E constitute the eigenfunction
and the eigenvalue, respectively, of the Hamiltonian H, which constitutes the to-
tal energy of the system. However, only systems composed by one particle can be
solved analytically. When applying QM to many-body systems an exact solution of
equation 3.1 is not possible and approximations must be made. The first invoked

one is the Born-Oppenheimer approzimation. It bases its statements on the strongly

27



different time scales existing between the nuclear and electron motions. Due to the
electrons are lighter than nuclei by several thousand times, they can be considered to
move adiabatically around nuclei neglecting the existence of a finite relaxation time.
Although, of course, exist some non-adiabatic effects that do not allow electrons to
move instantaneously with nuclei, this represents an excellent approximation. Based

on these assumptions, the Born-Oppenheimer approximation postulates:

e The wavefunction can be separated by the product of an electronic wavefunction

and a nuclear wavefunction

Uit (R, 1) = W (R, r)W,ue(R) (3.2)

e The electronic wavefunction depends parametrically on the coordinates of the

nuclei.

Let us apply previous assumptions starting by writing the Schrodinger equation

for a given molecule:

Htot\lltot(R7 7“) = Etot\ljtot(Ra 7”) (3-3)

were the total Hamiltonian H,, can be described as:

Htot = Ttot + V;ot = (Tel + Tnuc) + (Vne + ‘/ee + Vnn) (34)

In this equation T,; and T,,,. are the electronic and nuclear kinetic energy, respec-
tively, V,,. is the nuclei-electrons Coulomb attraction and V.. and V,,, stands for the
electronic-electronic and electronic-nuclei Coulomb repulsion, respectively.

Now, regarding that electrons are considered to move around fixed nuclei, 1) the

nuclei kinetic energy term T,,,. can be ceased of being considered into the equation
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3.4 and 2) the repulsion between the nuclei becomes constant. Thus, a new electronic

Hamiltonian can be defined as:

Hy=Ty+V (3.5)

which applied to the electronic wavefunction, results in:

(Tel + V)\Ijel(Ra T) = UH(R)\Ijel(Ra T) (36)

The resolution of equation 3.6 allows obtaining the electronic state of a molecule.
U,, also known as adiabatic potential, results from solving the electronic Schrodinger
equation and constitutes the average value of the electronic Hamiltonian: the energy
resulting from the sum of the electronic kinetic energy T.; and the potential energy
of the nuclei V for a fixed nuclei coordinates. This dependence of U,, on the nuclear
coordinates implies that for different nuclear geometries, we will get different U,
values and, consequently, different electronic wavefunction.

Last, by including U,, into the complete Hamiltonian, and applying the last to the

nuclear wavefunction, it is possible to solve the complete Schrodinger equation:

(Thue + Un(R))Vhue(R) = Eiot Viue(R) (3.7)

in which the complete Hamiltonian (7}, + U, (R)) describes the motion of nuclei
for an average electronic potential.

The calculation of the adiabatic potential U,, for a many nuclear coordinates con-
stitutes the so-called potential energy surface (PES). The most interesting points into
the PES and which are usually calculated in computational chemistry, are those re-
lated with stationary points, especially minima (minimum energy in all directions)
and the transition states (minimum energy in all directions except one, which is a
maximum) which relate these minima. The first provide us with useful information
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such as what are the potentially observable intermediates during a reaction mecha-

nism, and the later allows evaluating the reaction rate (Figure 3.1).
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Figure 3.1: Graphic representation of the PES of an arbitrary molecule.

An additional level of approximations allows simplifying the resolution of the
electronic Schrodinger equation. They can be separated in two main groups: the
wave function based methods and the electronic-density based methods. Between
the first group, the most widely used is the Hartree-Fock (HF) method, in which the
electron-electron interactions are approximated in an averaged fashion. The model
accounts for an exact electron-electron interactions or “exchange” i.e. the energy
coming from the interaction between parallel spins of the electrons which tends to
repel each other. In contrast, it neglects electron-electron “correlation”, which is the
instantaneous interaction between an electron and all the surrounding electrons, i.e.
the spatial position of an electron is correlated with the spacial position of the rest of
electrons. The inability of HF methods to account for this electronic correlation makes
it to be poorly efficient to provide accurate chemical descriptions. This correlation
can be incorporated by the help of post-HF methods but this still limited to small
systems. Among the second group lies the Density Functional Theory (DFT), [178]

which hardly improve the accuracy of the HF method by accounting for this electronic
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correlation term. In this thesis all the calculations have been done based on DFT

methods and thus, a more detailed description will be made in the following section.

3.2.2 The Density Functional Theory

Hohenberg and Kohn set out the basis for DFT in 1964 postulating that the ground
state electronic energy can be determined by the electron density of the system ()
[179]. This is, since the ground state energy is a functional of the ground state electron
density, the different components of the ground state energy can also be determined.
Density functional methods provide with significantly better results than HF since
they account for electron-electron correlation by modelling it as a function of density.
Additionally, while in the wave function based methods the complexity of calculation
exponentially increases with the electron number (it contains 4N variables, three
spatial and one spin coordinate, for N electron), in electron-density based methods
the number of variables is the same (the electron density is the square of the wave
function, integrated over N-1 electron coordinates, and thus the spin depends only
on the three spatial coordinates) whatever the number of electrons. This allows the
quantum study of relatively large systems with a good computational cost/accuracy
ratio.

However, the fact that initial DF'T methods express all the different components
of the energy as a functional of the electron density has a consequence: the electron
kinetic energy appears misrepresented, which resulted in an initial poor applicability

of the method.

The Kohn-Sham theory

The success of the DFT in computational chemistry did not arise until 1965 with
the establishment of the Kohn and Sham (KS) method, [180] which aims at finding

a good approximation to the internal electronic energy of the system on its ground
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state. The Khon-Sham method continues nowadays being the most popular for the
electronic structure calculation in quantum chemistry.

It introduces a fictitious system composed of particles with same properties as
the electrons composing the original many-body system, with the exception that it
lacks the electron-electron interaction term, i.e. it describes a non-interacting system.
These new particles move on a fictitious potential known as the Kohn and Sham
potential defined equally to the system’s ground state density. In other words, this
assumes that the true ground state density is the same as the ground state density of
a non-interacting system and thus, the calculation of the ground state wavefunction is
far less complicated. The full wavefunction Ug! can be simply calculated by placing
individual single-particle wavefunctions, known as Khon-Sham orbitals, in a Slater
determinant. The success of the method relies in the consideration of the individual
orbitals. However, this has a double counterpart: on one hand, the increase of the
complexity of the calculations from 3 to 3N variables, and on the other hand, that
the electron-electron correlation becomes again a separate term.

The electron kinetic energy is obtained from the set of Khon-Sham orbitals placed
in a Slater determinant used for representing the electron density in a non-interacting

system as:

Ts = —; Xl: <90i Vz‘ 80i> (3.8)

Since the kinetic energy Tys is calculated for a non-interacting system, it would
be equivalent to that of the HF kinetic energy (just as HF orbitals describe non-
interacting electrons).

Obviously this kinetic energy is not the same as that of the true system since,
actually, electrons are interacting. So the necessary corrections are introduced into

an exchange-correlation term Exc, which is simply the fraction of the energy which

!The subscript S indicates that the term has been calculated from a Slater determinant.

32



remains after subtracting the non-interacting energy. The term Ex¢ [p]| corresponds

to the exchange correlation energy and can be defined as:

Excpl = (T [p] = Ts [p]) + (Vee [p] = T [p]) (3.9)

where first parenthesis corrects the difference between the electron kinetic energy
of the true system and the non-interacting system, and the second parenthesis cor-
rects the difference between the defined electron-electron interaction potential and
the classical one.

If Exc was known, the KS method would give the exact energy of the system!
Unfortunately, the weak point of the theory is precisely the resolution of this term i.e.
the fraction of the kinetic energy corresponding to the electronic exchange-correlation.
This represents the only unknown functional to achieve the desired coupling between
the electron density and the exact energy of the system and, in its form relies the

difference among the large variety of DF'T methods.

Exchange-correlation functionals

Despite the large variety of functionals proposed for the resolution of the electron
density function (several hundreds), a relatively small number is commonly used. As
a consequence of their vast number, it is usual that the “oldest” and well-tested ones
overshadow others that are more recent, sometimes due to their popularity or since
the modern ones only provide slight improvements for specific cases and they are not
usually included into the available programs.

When developing functionals it is common to separate the Ex¢ term into its com-
ponents Ex and Eg, due to the different scalar properties that characterize these
terms: the linear scaling of the electron coordinates result in the same linear scal-

ing of the exchange energy (Ex), while the coordinate scaling of correlation energy
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(E¢) is only linear at low-electron density. This implies difficulties to get correlation
component that achieve cancelation of the long-range exchange term.

In an attemp to classify the vast variety of approximations of the Ex¢ [p] func-
tional, Perdew and Schmidt established different levels of approximations based on
the well-known “Jacob’s ladder of DFT” (Figure 3.2). [181]

Generally, these functionals can be grouped as empirical or semi-empirical if devel-
oped to fit experimental data for a set of particular chemicals or materials. In contrast,
the non-empirical functionals are developed according to first-principle calculations.
Empirical or semi-empirical provide with better results only when compared to non-
empirical functionals of similar cost for the specific context they were designed for,
but are very inaccurate when predicting properties for systems that were not present
into the “training set” [182] In these cases, functionals based on first-principles ap-
pears more versatile to describe complex systems for which no experimental data

other than fundamental constants is available.

5th —— Chemical accuracy

Exact exchange and exact partial correlation
(Non-local functionals)

4th

Exact exchange and compatible correlation
(Hyper-GGA functionals)

3rd

Meta-generalized gradient approximation
(Meta-GGA functionals)

2nd

Generalized gradient approximation
1st (GGA functionals)

Local spin density approximation
LDA functionals
Hartree World ¢ )

Figure 3.2: Ilustration of the Jacob’s ladder of DFT aproximations.

Next a brief description of the different exchange-correlation functionals will be

performed by successively climbing the rungs of the Perdew’s ladder:
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Local Density Approximation (LDA) It assumes that the electron density can
be treated as a uniform electron gas, and makes exchange and correlation energy
dependent on this electron density. Variations for cases in which alpha and beta
densities are not equal (that are quite frequent) have been included into LSDA func-
tional, which consider individual densities for each type of electrons. It can be said
that LSDA is an “exact” DFT method if applied to a uniform electron gas. However,
for a molecular system, it tends to underestimate the exchange energy (leading to
artificial stabilization of high spin states) and to overestimate the electron correlation

by a factor close to two, which results in a poor description of the energetic properties.

Generalized Gradient Approximation (GGA) The improvement of the LSDA
approximation relies on not considering the system as a uniform electron gas, but per-
forming the exchange and correlation energy dependent on both the electron density
and also on its derivatives. A.D. Becke proposed the B or B88 functional, [183] one
of the most popular GGA methods which performs a correction of LSDA exchange
energy (its error is reduced by almost a factor of two) by fitting experimental data.
This exchange functional is frequently combined with LYP correlation functional pro-
vided by Lee, Yang and Parr, [184,185] which parameters have been fitted to the He
atom.

Other related exchange-correlation functionals are the OPTX [186,187] and PBE.
[188-190] The latter is a non-empirical functional result of the refinement of PW86

[191] and PWO1, [192-194] all proposed by Perdew-Burke-Erzehof.

Meta-GGA Methods These group includes higher-order derivative variables, as
the Laplacian of the electron density (second-order term) or the orbital kinetic en-
ergy (Laplacian of the occupied orbitals), being the later the more numerically stable
although they both carry the same information. This inclusion of second order den-

sity information, leads to level-3 meta-GGA functionals (“pure” functionals), which
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include the BR [195], B95 [196] (one of the few functionals which lacks the self-
interaction problem), 7-HCTH [197], VSXC [198] and TPSS [199], being the later
considered an improvement over the PBE.

The greatest improvement for chemical applications in terms of accuracy was
during the 1990’s with the inclusion of the exact HF exchange energy. This led to

the level-4 hyper-GGA functionals (hybrid methods), briefly explained below.

Hybrid or Hyper-GGA Methods One of the major benefits resulting from the
addition of HF exchange, is the reduction of the self-interaction problem, i.e. the
electron density artificially interacting with itself. While in HF the definition of
the Coulomb energy and the exchange promotes a total cancellation of this self-
interaction term, in DFT this cancelation is not perfect. The key to perform an
accurate functional is to include a suitable fraction of HF exchange, able to fulfill the
deficiencies of the functional in such a way the errors coming from both pieces average
to close to zero. The proper ratio of HF /DFT able to guarantee accurate results is
still one of the trickiest points in the daily used methods.

Especially, a very delicate situation is when comparing close- and open-shell states,
since the later appears over stabilized by the self-interaction error. In these cases,
a functional with a proper HF contribution results crucial to prevent over or un-
derestimation of the results. Unfortunately, it is unknown where this point lies.
B3LYP, [200] [201] one of the most widely used functionals in computational chem-
istry is included in this group. It combines B88, 20% HF exchange and the LYP
correction; plus three parameters obtained empirically, which allows the functional to
properly fit experimental data. On the counterpart, as all standard DFT methods,
it is unable to describe the non-covalent interactions related to dispersion forces, i.e.
weak and cumulative short-interactions whose relevance increases with the size of

the system. This issue can be solved by including the Grimme’s dispersion correction
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method. [202] To date, B3LYP-D3 (B3LYP functional plus dispersion correction) still
represents one of the functionals with best global performance and is the one used
for all the quantum calculations carried out along this thesis.

Variations of some lower order of the ladder functionals has been made by includ-

ing the HF exchange leading to other hybrid methods of good performance such as
B98, [203] -HCTH-hybrid, [197] PBEO [204] or TPSSh. [205, 206]

Non-local functionals An additional level into the Jacob’s ladder would be con-
stituted by the so-called Double Hybrid Methods, which includes the full information
of KS orbitals (DFT orbitals and orbital energies are used). Their main drawbacks
are that they tend to perform systematic errors for the description of some proper-
ties, which, in conjunction with the increase of the computational effort, limits their

general use.

3.3 Molecular Mechanics

When dealing with large systems (from thousands to millions of atoms), something
frequent when working with biological macromolecules, it is not possible to perform
a description based on full QM approaches. MM treats atoms as classical particles
which behave based on the Newton’s second law equation. [207] Electrons are not ex-
plicitly considered and, consequently, computational calculations are hardly simplified
allowing the simulation of systems composed up to millions of atoms. The particles
composing the system behave based on 1) pre-defined physical features (mass, charge
and radius) and 2) the interactions between them, which come determined by the

force-field.
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3.3.1 General features on MM force-fields

A force-field is the result of solving the potential energy equiation (Equation 3.10).
It aims to predict the energy of a system as a functions of its conformation and tries
to reproduce structural properties of molecules based on data obtained empirically or
via quantum calculations. This means that there is not an absolute correct form of
a force-field, but it is specific for a determined description for which it is developed.
The components describing the force-field include: force constants, atom charges and
the Van der Waals radii parameters.

A good-quality force-field should be transferable through a set of similar molecules
(for instance, parameters should be the same for modelling all n-alkenes), more espe-
cially if it is desired to make predictions. For this purpose, force-fields take advantage
of the atom type concept, which considers that structural properties do not usually
depend on each atom itself, but exist sets of atoms of same nature which behave sim-
ilarly when embedded into similar chemical contexts. Thus, for example, all carbons
contained into an aromatic ring behave based on the same parameters.

Nevertheless, there is still a fraction of cases in which an accurate work requires the
specific parameterization of a molecule or a group of molecules. This is the normal
case when working with proteins including non-common organic or organometallic
moieties (such as ligands, organometallic cofactors or non-natural amino acids), which
are not included into the standard biological force-fields.

The force-field energy is described as a sum of terms which represent the total
energy required to distort the molecule for the given definition. They can be encom-

passed in two main groups, the bonded and non-bonded terms:

EFF = Estr + Ebend + Etors + Evd'w + Eel + Ecross (31())
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The bonded terms account for all atoms that are directly connected. These in-
clude: FEg,., which is the energy function for stretching a single bond; Ejpe,q, or the
energy function for bending an angle (so it accounts for atoms separated by two
bonds); and Ey,s, or the torsional energy to rotate a bond (it accounts for atoms
separated by three bonds).

The non-bonded terms describe “through-space” interactions between atoms that
are not directly connected. They include both Van de Waals (F,q,) and electrostatic
(E,;) interactions.

Strong interactions coming from a specific term can promote certain structural
distortion on the others. FE...s term accounts for these interactions by coupling the
three first terms. This can include corrections of the type stretch-stretch, bend-bend,
stretch-bend, stretch-torsion, etc. Different force-fields can differ in the type of cross
terms they use (if any). As they are not crucial to describe structural properties they
are only considered when requiring to model specific properties such as vibrational

frequencies.
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Figure 3.3: Illustration of the main descriptors of a general force-field.
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Figure 3.3 offers a more detailed description of the above mentioned force-field
terms. Energy related to bonds and angles follows a harmonic approximation in
which the energy varies with the square of the displacement from the “reference”
values? ry and 6, for bonds and angles, respectively; being r and # the deviation with
respect to this reference value.

Torsions are represented as a cosine series expansion which include the periodicity
of the energy value; the multiplicity n represents this periodicity (being n = 1 for
descripting a rotation periodic by 360°, n = 2 for periodicity of energy each 180°,
and so on), the dihedral angle ¢ and the known as the phase factor §, determines the
point in which the torsion angle is a minimum.

In sp2-hybridized atoms exist a large energy penalty associated to piramidaliza-
tion, since the four atoms tend to be in the same plane, where the equlibrum angle is
zero. To account for the potential energy when the central atom is displazed out of
the plane, usually an out-of-plane bending term (E,,,) is added, which is described

as the quadratic function in the angle x or the distance d (Figure 3.4):

EOOP(X) - kBX2 or Eoop<d) — k?BdQ

B

|

™ A,d D

A"

Figure 3.4: Out-of-plane bending variables.

2The “reference” value is the value of such bond or angle when the rest of the terms into the
force-field are equal to 0. Notice that this differs from the “equilibrium” value, which is the value
established when a minimum energy structure is adopted taking into account the contribution of
the rest of the values conforming the force-field.
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Regarding the non-bonded terms, the Van der Waals interactions are reproduced
by a Lennard-Jones potential, being v the distance between the interacting atoms,
the Lennard-Jones well depth and o the distance at which the non-bonded interaction
becomes zero. With respect to the electrostatic interactions, they are described by a
Coulomb potential between atoms 7 and j with partial charges ¢; and g¢;, respectively;
go refers to the effective dielectric constant, which is 1 in vacuum and higher when
existing solvent or intermediate atoms. As non-bonded interactions grow quadrati-
cally with the size of the system, they promote a rapid increase of the computational
effort. To reduce this effect, a distance cut off is usually established by discriminating
the long-range interactions beyond the assigned value. For further details the reader

can refer to section 3.6.2.

3.3.2 Force-fields for biomolecular applications

Between the different force-field methods, the most commonly used for modelling
large biomolecules are AMBER, [208] CHARMM, [209-219] and GROMOS. [220]
All of them provide a fast computational performance by using quadratic Taylor
expansions and neglecting cross terms, which allows dealing with big molecules in
a reasonable period of time. Both AMBER and CHARMM are able to support
proteins, lipids, carbohydrates, and nucleic acids. [221] In addition, they have been
extended to describe a large series of common compounds in medicinal chemistry via
the generalized CGenFF [222] (CHARMM) and GAFF [223] (Amber) force-fields.
In this thesis, the Amber force-field has been used to perform all the MM cal-
culations. Several updates have been performed over time on the original Amber
{99, leading to new generation force-fields such as the ff99SB [224] and ff99SB*, [225]
which include improvements on the backbone potential, and the ff99SB-ILDN force-
field [226], which includes a modified side-chain torsion potential for a variety of amino

acids. More recent developments includes the ff99SB-ILDN-NMR, [227] developed by
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fitting parameters to experimental NMR data and the ff99SB-ILDN-Phi, [228] which
improves the sampling in solvated models.

Although the different programs provide results with similar accuracy and have
demonstrated to properly describe the molecular properties, their main limitation is
that they do not account for changes on the electronic character along the simula-
tion, i.e. they are not polarizable. Thus, they are limited to the conditions under
which the parameters were developed. An alternative to this are the so called polariz-
able force-fields(Fluctuating Charge methods, ABEEM, Drude oscillators and Drude
rod, induced dipoles, AMOEBA, PFF). [229] Although promising, accounting for po-
larizability involves considering additional degrees of freedom (which increases the
computational effort), while still requiring additional parametrization. Thus, com-
putational chemists usually still prefer to select the adequate standard force-field for

describing the specific conditions under study.

3.4 Molecular Mechanics based approaches

Predicting the behaviour of biomolecules under certain conditions, as well as their
interactions with their ligands and with other proteins, are between the most typical
scenarios when working with enzymes. The modelling of such processes require a
variety of approximations, including the use of MM force fields, which allow the
treatment of systems of such dimensionalities. Among the most used approaches
considering MM force fields are Protein Ligand Docking and Molecular Dynamics
(MD) simulations. The former includes a much more simplified scheme than the
later, regarding the nature of the force field and the algorithms implemented to define
the molecular context. Going from the simplest to the most complex scheme, next
sections will cover a brief description of these approaches, making emphasis on their

use in the topic that concerns, the modelling of artificial enzymes.
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3.4.1 Protein-ligand docking

Protein-Ligand Docking aims to provide the best arrangement between two interact-
ing molecules, being the typical case a protein and a ligand (a substrate, an inhibitor,
a catalyst ...). This approach has been extensively used in the area of drug de-
sign [230,231] and, in particular, it is vital in virtual screening exercises in which
large libraries of molecules are systematically docked into a protein binding site and
evaluated in a short period of time. For that purpose, a good quality docking program
requires two main features: first, to have a good compromise between a fast computa-
tional performance and enough accuracy for the evaluation of the docking poses; and
second, to be able to reproduce experimental binding modes of the ligands. While
accounting for those premises, all docking programs undergo two different stages: 1)
sampling conformations into the protein binding site and 2) ranking the solutions

based on scoring functions.

Sampling conformations at the binding site

Accounting for all the degrees of freedom of the protein and the ligand (six rota-
tional and translational each), added to those related to conformational changes, the
generation of all the possible binding modes (~ 105) would be too demanding. To
deal with a fast conformational search global optimization schemes based on sampling
algorithms are usually employed.

Depending on the number of degrees of freedom considered, search algorithms can
be categorized in three types: rigid-body, which only considers the six rotational and
translational degrees of freedom; flexible-ligand docking, in which ligand experiences
full or partial conformational flexibility at the protein rigid binding site; and flexible-
protein docking, which, additionally, considers certain flexibility of the protein. Some
subcategories arise depending on how to handle this ligand and/or protein behaviour.
[232]
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o A systematic search explores the majority of the ligand degrees of freedom.

e Stochastic algorithms explore the conformational space by changing randomly
the ligand conformation. The Genetic Algorithm (GA) [233-235] is included
into this group and is the one implemented in GOLD (Genetic Optimization
for Ligand Docking), [236] the docking program used to perform all the docking
simulations during this thesis. The name of the algorithm makes reference to the
Darwin’s theory of evolution, as it considers “genes” the degrees of freedom of
the ligand and “chromosomes” the possible poses at the binding site. Then, the
genetic operators mutation (random changes on genes) and crossover (change
genes between chromosomes) act generating different poses that are iteratively
assessed by the scoring function. After successive runs only best poses will

survive throughout generations.

e Deterministic methods considers both protein and ligand flexibility by includ-
ing Molecular Dynamic simulations and energy minimizations into the proto-
col. The problem of this strategy is that it is dependent on the starting point
structure and is not able to overcome energy barriers to access to other local

minima. [237]

One of the weak points of the standard docking approaches relies on their inability
to consider an adequate adaptation of the protein binding site during the generation
of the poses, since this requires dealing with an unaffordable amount of possibilities
during the calculation. Some strategies aim to mitigate this problem by providing

certain flexibility to the protein binding site:

e Soft-docking [238,239] aims to decrease the VDW radius allowing certain overlap
between atoms. This is usually used in virtual screening approaches to expand
the range of molecules able to fit at the binding site of a X-ray structure from

which the inhibitor has been eliminated by hand.
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e Side-chain flexibility [240,241] allows the side chains of the residues located at
the binding site to explore the conformational space with a limited number of
torsional degrees of freedom which are based on pre-defined libraries of rotamers

that predict low-energy conformations.

o Molecular minimizations and simulations of the protein-ligand complexes by dif-
ferent approaches such as Monte Carlo (MC) [242-244] or Molecular Dynamics
(ensemble docking). [245] This has the advantage of generating accurate models

accounting for all the conformational space and water molecules if necessary.

e Collective degrees of freedom (CDF) [246] approach allows accounting for dif-
ferent conformations of the receptor calculated via normal mode. [247-249]
or by dimensional reduction methods such as principal component analysis
(PCA). [250] This avoids dealing with high conformational variation while dif-

ferent conformations are taken into account.

An additional strategy implemented in GOLD for optimizing the ligand search
procedure, is the identification of hydrophobic fitting points at the host binding site.
For that purpose, a grid spaced by 0.25 A is placed over the surface of the cavity and
the Van der Waals interaction energy between each position of the grid and a bare
carbon atom is evaluated. If this interaction energy is less than -2.5 kcal/mol, such
point is automatically added to a list of fitting points. Then, during the conforma-
tional search, ligand lipophilic atoms are recognized and matched to this hydrophobic
regions. If GOLD is not able to perform an appropriate map of fitting points for a spe-
cific system, it is possible to provide a customized MOL2 file which contains dummy
atoms at the positions of interest to indicate GOLD where to locate them. The CCDC

program SuperStar [251] helps to perform this customized file in the adequate format.
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Evaluation of the poses

Although the advances on computation technology have boosted the quality of the
search strategies, the evaluation of the generated poses still represents one of the
weak spots of the docking technique. The reason is that there are still unsolved
theoretical questions related to the enthalpic and entropic contribution to the binding
affinity (Gibbs free energy), required to guarantee the proper discrimination among
the correct vs. incorrect poses. [232] This evaluation is carried out by the so called
scoring or fitness function, which quality is determined based on three main criteria:
1) the geometric docking accuracy, which measures the precision with which a native
conformation of protein-ligand complexes is reproduced; 2) the screening utility, which
aims at ranking the poses, properly identifying the potential ligands upon non-ligands
between a pool of docked structures; and 3) the scoring accuracy, which aims to
perform adequate rankings between a set of true ligands.

There are three main categories comprising the available scoring functions: [232,
252,253] Knowledge-based, force-field-based and empirical approaches. Although all
scoring functions comprise the same basic terms, they differ in the details of the
functional form, the data sets in which parameters are based and the methods for

optimimizing these paramaters.

e Knowledge-based: these strategies are based on the Potentials of Mean Force
(PMF) [254] approach and use atom-atom distance potentials to fit contact
preferences, which are derived from statistical physics. Their limitation is the
amount of data available for the correct computation of the density distribu-

tions. The Astex Statistical Potential (ASP) [255] fitness function is an example.

e Force-field based approaches: the parameters for the different energy compo-
nents are based on theoretical MM force-fields, and account for atom pairs

interactions between the protein and the ligand described by a Lennard Jones

46



potential and a coulombic term. Their main drawback is that they do not
consider properly the entropic effects. GOLDScore [236], the original scoring

function in GOLD program, is an example.

e Empirical: in this case parameters are generated based on empirical data of
ligand-protein complexes with known binding affinity values. The ChemScore
[256] scoring function (Equation 3.11) is an example and it is the one used for

all the dockings performed in this thesis.

C’hemScore = AC;’binding + Pclash + Cinternal-Pinternal + (Ocovalentpcovalent + Pconstraint)
(3.11)

AC;tbz'nding - AC;’0 + AGhbond + AC;'meifal + AG'lipo + AG"rot (312)

The ChemScore scoring function (Equation 3.11) value is obtained by adding
to the total binding energy (AGhinding) clashes penalty (Peq.s,) and internal torsion
terms (Cinternat Pinternat)- 10 case of covalent or restrained procedures, also covalent
(Crovatent Peovatent) and constrained (Peopstraint) terms are included. The total bind-
ing energy equation (Equation 3.12)) includes terms for the description of hydrogen
bonding interactions (second term), ligand and host-metal ions interactions (third
term), lipophilic host-atom /ligand-atom pairs interactions (fourth term) and the loss

of conformational entropy after binding (fifth term).

3.4.2 Molecular Dynamics simulations

A MD simulation aims to simulate the behaviour over time of a molecular system at

a finite temperature by solving the Newton’s dynamical equation:
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F =ma (3.13)

Since nuclei are large enough, they can be treated as classical particles and thus,
their evolution over time can be calculated by solving the differential form of Equation

3.14:

2
- Cfl‘? = mzlltg (3.14)

where V' is the potential energy for a given set of Cartesian coordinates r. The left
side of the equation corresponds to the negative of the energy gradient and relates to
the force F acting on all the particles of the system. It should be calculated each time
step and is the major responsible of the computational effort during the simulation.

For a given set of coordinates with current positions r;, the positions of the parti-

cles for a later (At) or earlier (—At) time step can be predicted by a Taylor expansion:

1 1
1 2 1 3

in which velocities v; and acelerations a; and hyperacelerations b; are the first
(6r/6t), second (6%r/6%t) and third (§3r/§3t) derivatives, respectively, of the positions
with respect to time ;.

This algorithm, known as Fuler’s method, is a second-order expansion. This
implies that each time step an error is accumulated leading to the continuous increase
of the energy during the trajectory. Additionally, it lacks an important feature of
Hamiltonian systems, which is reversibility, i.e. if you advance one step forward and

then backward, you do not come back to the same point.
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The Verlet algorithm [257] aims at modifying the previous equations to reduce the
error accumulation and to make them time-reversible. Specifically, it allows solving
the Newton’s equation numerically and predicting positions a time step later or earlier

from current and previous positions r; and current acceleration a; by:

i1 = (2Tz — 7’1;1) —+ (IZ<At)2 + ... (317)
F; 1 dv

— o 3.18

¢ m; m; dr; ( )

Acceleration is calculated from forces F' each time step (Equation 3.18), which
then allow the propagation of the positions to generate the trajectory.

The main disadvantages of the Verlet algorithm are: on one hand, its proper
formulation, which can lead to truncation errors since the new positions are the result
of adding At (a very small number) to 2r; — r;_; (a very large number); and, on the
other hand, that the velocity term does not appear explicitly. This is a problem
since this term needs to be scaled when ensembles with constant temperature are
generated. To overcome these issues, the leap-frog algorithm [188] modifies Equations

3.15 and 3.16 by considering half a time step as:

Tig1 = T + 0 1AL (3.19)

Vipl = U1 + a; At (3.20)

Although the numerical accuracy is better than in Verlet algorithm, the leap-frog
algorithm updates the positions and velocities out of phase by half a time step. The

velocity Verlet [258] algorithm aims to remove this abnormality by:
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1
Tig1 = T4 + UZ'At + iaiAtQ (321)

1
Vi+1 = V; + 5(6% + ai+1)At (322)

The calculated velocities allow determining the temperature more accurately and

thus, getting a better energy conservation during the trajectory.

Thermodynamic ensembles

Microcanonical ensembles (NVE), for definition, aims to fix the total energy of an
isolated system. However, in the real world, the system is subjected to energy ex-
change with the environment and, thus, they are not the best option when try to
model chemistry or macromolecules. In contrast, in both canonical ensembles (NVT)
or isobaric-isothermal ensembles (NPT) the system is able to exchange energy at a
constant temperature with a heat or pressure bath, respectively, being the total en-
ergy equal to that the system plus the bath energy. The preservation of energy during
dynamics is numerically difficult; however, this thermalization effect allows “instant”
corrections of the particles for maintaining a constant temperature without altering
the dynamics. For that purpose, heat bath adds or removes energy of the system
by modifying the velocities of the particles, while pressure bath scales the positions
of the particles promoting changes on the volume. Nose-Hoover methods [259, 260]
have been demonstrated to properly deal with these both heat and pressure baths for
producing true canonical and isobaric-isothermal ensembles.

The choice of using NPT or NVT to run our simulations depends basically on the
purpose of our simulation. Specifically, when simulating the behaviour of biological
macromolecules, the system should not be highly influenced by the choice of constant

temperature or pressure if it is properly constructed. However, it is always preferred
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to run the production at constant pressure (NPT), as this reproduce the experimental
conditions.

Standard protocols usually initiate the simulation with, first, a minimization that
help to relax possible steric contacts resulting from setting up the system and, then,
an equilibration stage during which the system is progressively thermalized until
reaching standard conditions (300 K). This stage is usually performed under NVT
conditions to avoid artefactual expansion of the simulation cell coming from initial
rearrangement of the system. Next, the production stage is performed at constant
pressure (1 atm) and elongated in function of the molecular phenomena the user want

to describe.

3.5 Hybrid methods

Modelling enzymatic reactions requires dealing with events occurring at different dis-
tance and time scales, making necessary the use of a variety of theoretical approaches.
Hybrid methods appears as an elegant alternative to approach different simulation
scales at once, allowing matching processes that, at first glance, contradict the the-
ory explained so far, such as the possibility of performing a quantum study of the
catalytic mechanism occurring into a such large system as a protein or the analysis

of bond formation and breakage along a MD simulation.

Quantum Mechanics/Molecular Mechanics

As the use of quantum mechanical approaches is only affordable by limiting the length
of the system, the precise study of reactions at macromolecular level appears out of
reach. A solution to this is the multilevel strategy known as Quantum Mechan-
ics/Molecular Mechanics (QM/MM) approach, which follows a "multilayered” strat-

egy for the study of the reactions occurring into big molecular structures (usually
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biological macromolecues). In other words, the system is managed at the inexpensive
MM level of theory except in the region of interest, usually where a chemical reaction
occurs, which is described at the expensive ab initio level. Thus, the partition of the
total Hamiltonian can be expressed such as the sum of the MM and QM Hamiltonians

plus a QM-MM interaction term as follows:

Hyotar = Hon + Hyvr + Honvm (3.23)

This constitutes a huge advantage since it allows the study of chemical reactions
occurring in large (bio)molecular systems while maintaining a reasonable accuracy-
time compromise. The combination of expensive QM approaches with a classical MM
force-field was first stated by Honig and Karplus in 1971. [261] However, it was not
until 1976 when Warshel and Levitt applied the QM /MM to an enzyme reaction and
formalized the concept, [262] which led them together with Karplus and the entire
series of results obtained during their fruitful career to be awarded with the 2013
Nobel Prize in Chemistry.

The hybrid Our own N-layered Integrated molecular Orbital and molecular Me-
chanics (ONIOM) method [263] developed by Morokuma and coworkers in 1999 is
the one implemented in Gaussian program. [264] It allows the accurate study of big
macromolecules by defining up to three layers or regions and has been tested to pro-
vide with comparable accuracy as if the whole system would be treated with expensive
methods. [265] All the QM/MM calculations in this work have been done based on
the ONIOM approach, so next paragraphs will be focused on how it deals with the
QM /MM calculations.

Selecting the ONIOM layers

The ONIOM strategy aims to devide the system into different layers to enable ap-

proaching different levels of theory at once. Although for biological systems the most
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common scenario is to divide the system in only two layers (QM:MM), it is able to

assume up to three (QM:QM:MM) as described below (Figure 3.5):

e The chemical event occurring at the active region of the molecule usually in-
cludes bond breaking and forming events, so the only option is to treat it at
high level. This region is set as the high layer and constitutes the Small Model

system (SM).

e The entire system is included into the low layer of the ONIOM model, consti-
tuting the Real system (R), and aims at describing the environmental effects
having impact on the events occurring at the high layer. It is described at a
lower level of theory; usually MM, a semi-empirical method or an inexpensive

ab initio approach.

e In some cases, a middle layer, which is normally treated with a middle accuracy
between the two methods describing the others layers, is added for a better
description of the effects occurring in the close surroundings of the SM. It is

referred as the Intermediate Model system (IM).
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Figure 3.5: Illustration of the three ONIOM layers. The high system (H) is repre-
sented in balls and sticks, the intermediate system (I) in thick sticks and the low
system (L) in narrow sticks.

Factors derived from the nature of the partition, such as bonds breakage or the
nature of the interaction between the different layers could negatively affect the accu-
racy of the calculations. To prevent these issues, some technical considerations must

be taken into account when setting up the ONIOM partition:

e The edge of the SM should be located at a minimum of three bonds far from
any change on connectivity along the reaction, since MM parameters have to

be the same for the reactants and products into the SM and R systems.

e Atoms connected by double, triple or highly polarized bonds have to be located
into the same layer. Regarding the later, the presence of positive or negative
charged MM atoms (such as N or O) may lead to attraction or repulsion of
QM electrons promoting unreal distortions of the QM wave function. Thus,
the partition should be done between non-polar bonds. When dealing with
proteins, cutting between the alpha and beta carbons of the involved amino

acids is usually a good choice.
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The ONIOM extrapolation scheme

Supposing a two-layer model, as the one employed for the QM /MM calculations in

this work, ONIOM employs a subtractive scheme (Equation 3.24):

Eoniom = Ejpw(real) — Ejpy(model) + Ep;gn(model) (3.24)

in which the SM is calculated at both low and high level, and the entire system R
is calculated only at low level. Then, the SM low level result is subtracted from the

total energy.

Describing the boundaries

The treatment of the boundaries between layers is one of the trickiest points during a
QM/MM calculation as it deals with, on one hand, interrupted covalent bonds (if any)
resulting from the stated partitions and, on the other hand, steric and electrostatics
(polarization) effects between layers.

The cross of covalent bonds when defining layers implies the generation of a QM
region with unpaired electrons, which have to be properly fixed. Different solutions
are available to overcome this issue: One of them is the localized molecular orbital
scheme, which aims at placing hybrid orbitals to saturate the QM region. [266] A
more commonly used one is the link atoms scheme, which saturates the QM free
valences with hydrogen atoms, only visible for the QM region, while the MM layer
still considers parameters for the original bond. A variation of this may be applied
when using semi-empirical methods by replacing this hydrogen by a pseudo-halogen
atom with adjusted parameters to be as much similar as possible to the substituted
atom. All of them are equivalent and provide with similar results if performed a
correct layer definition, but the hydrogen link atom scheme is the most commonly

used as it is the one which provide the easiest implementation. [267]
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Regarding the QM /MM interaction term, it can be described through three in-
creased in accuracy approaches: [268] 1) The mechanical embedding, which only con-
siders the bonded and steric effects of the MM atoms on the high layer, while addi-
tional forces generated in both regions are included into the interaction term. Elec-
tronic interactions between the two layers are not taken into account and, although
it is demonstrated that this does not necessarily have much influence on geometry, it
can be important for the energetic description of the reaction mechanisms, especially
if polar groups are present in the close surroundings of the high layer. An improve-
ment to this is 2) the electronic embedding approach, which allows the electric field
generated by the partial charges of the MM part to polarize the QM region by in-
corporating them into the QM Hamiltonian. This represents a major improvement
for the treatment of the boundaries and only implies a small increase in the compu-
tational effort. Original ONIOM method only included mechanical embedding, but
more recent versions have been incorporated the electronic embedding, which can be
applied via the ONIOM=embedcharge keyword. Last, a more sophisticated approach
is 3) the polarizable embedding, which also includes the polarization of the MM part
by the QM atoms. However, this implies the use of a polarizable force-field and an
iterative procedure which updates the electric fields of both QM and MM regions
in a self-consistent manner. Apart from assigning partial charges to each atom (as
electronic embedding), it also assigns dipoles, quadruple moments and dipole polar-
izability, leading to an unbalanced accuracy/time ratio which has displaced the use

of the method.

What is the most adequate QM /MM framework?

Depending on the type of force-field and the basis sets selected QM /MM methods
can be highly diverse. For enzymatic reactions it is common to use a fixed charge

force-field for the R region and a DFT method with the desired basis set (normally
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a medium-size one) for the SM system. It is stated that when using a fixed charge
force-field the catalytic event occurring at the SM part should be placed at least at
10 A from the MM region for a correct energy description. However, this implies an
SM of around 1000 atoms, something unaffordable for an ab initio treatment. [269] In
contrast, Fahmi Himo and co-workers have demonstrated, based on full QM cluster
model approaches, that a good enough description can be achieved with QM regions
consisting in only about 100 atoms. [270] It can be said that there is not a common
agreement about a determined protocol to deal with QM/MM models, and that it is
on the user hands to take the appropriate decisions to provide whit accurate results.

To further complicate the situation, a sampling problem exists when selecting
the starting point structure (usually a X-ray structure or some frames from a MD
trajectory). Selecting the adecuate starting point results critical since tiny changes
on the MM layer can led to huge energy variations on the QM region. To reduce
the margin of error as much as possible an intense pre-analysis and understanding of
the catalytic event of interest results essential to approach its proper environment.
Unfortunately, such amount of information is not always available and, in many cases,
QM/MM results are not meaningful at quantitative level but they are only useful for

qualitative descriptions.

3.5.1 Ab initio Molecular Dynamics

As in standard MD, in ab initio Molecular Dynamics (AIMD) atomic nuclei are
treated classically and their motion can be computed by solving the Newton’s second
law. The main difference between the two methods is how the forces acting on the
nuclei are calculated. As showed, in standard MD interatomic forces are obtained
via a pre-defined potential energy, the force-field; in contrast, in AIMD these are
obtained by calculating the potential energy surface each time step via QM. This is,

the gradients of the energy resulted from solving the time-independent Schrodinger
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equation with DFT (using the Born-Oppenheimer approximation) are then computed
in function of the nuclear coordinates and used as interatomic potential to calculate
the forces acting over the nuclei, which will behave again as classical particles.

This hybrid method results advantageous in the sense that, since potential en-
ergy is calculated via DFT, it allows the simulation of any non-parametrized system.
However, it implies an additional computational effort which limits the size of the
system that can be afforded.

The use of either ab initio or standard MD will depend uniquely on the features of
the system the user want to describe. With AIMD, effects such as bond breakage and
formation, polarization and charge transfer can be approached, while in MD this kind
of effects come pre-imposed by the force-field and it is usually used for conformational
exploration and statistical analysis. All the AIMD simulations performed in this thesis

have been carried out with CP2K program. [271]

3.6 Solvation effects

Chemical reactions generally take place in presence of a specific solvent. For instance,
biological reactions usually occur in water while, in (in)organic synthesis, the type of
solvent employed (methanol, dichloromethane, dimethyl sulfoxide ...) can promote
significant effects on the reaction outcomes, such as the reaction rates or the acid
dissociation constants. This environmental influence on the molecular properties,
requires accounting for an appropriate description of the solvation free energy into
the simulations.

Based on their nature, the effects of solvation can be classified in: non-specific,
which comprises the long-ranged effects promoted by the presence of the solute, such
as solvent polarization and solvent electric multipole moments; and specific, which

accounts for short-ranged solute-solvent interactions, such as hydrogen bonds, Van
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der Waals interactions, the solvent shell structure, solvent-solute dynamics and charge
transfer, hydrophobic and entropy effects. [176]

Depending on the strategy used to account for the energetic contribution of the sol-
vent, different categories arise: 1) Explicit models consider discrete solvent molecules
and all the interactions between them. They are computationally demanding but
provide a spatially resolved physical description of the solvation interaction shell.
However, under certain conditions, they fail at reproducing experimental data due
to the use of fitting methods and specific parametrization when developing the mod-
els. A preferred strategy is the use of 2) continuum methods, which place the solute
into a cavity and consider the rest of the environment by its average effect, i.e. as
a continuum. They are more computationally economical while able to provide a
reasonable energetic contribution and description of the solvent behaviour. Despite
this, they fail at representing the local distribution of the solvent density around the
solute cavity, an especially prevalent effect when using water as solvent. In addition,
they are only useful if water molecules are not an active component along the cat-
alytic pathway. An alternative to this is to use discrete-continuum strategies, which
accounts for the first solvation shell by consciously locating a number of explicit water
molecules at the close surroundings of the solute while considering the free space as
a continuum. These models reduce the computational effort while achieving some
spatial description of the solvent density around the solute. However, this treatment
require additional knowledge to properly locate the water molecules around the solute
and to decide how many they should be. Additionally, it is not recommended to add
explicit water molecules when using implicit methods that have been developed by
fitting experimental solvation energies.

Subgroups into the above categories emerge depending on the level of theory (QM
or MM) at which the system is described. The majority of methods are focused on

water since it is the most common solvent in biological media and also the most
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difficult to be modelled. From now on, a brief summary of the strategies available
to describe water solvent based on different levels of theory will be devoted, with an

especial focus on water.

3.6.1 Explicit methods

This group provides with the most accurate representation of a solute embedded into
a solvent as they account for specific solute-solvent interactions. Although under
certain circumstances they can be useful in QM when requiring water as reactant or
when performing cluster models, they are generally applied to MM, MD and Monte
Carlo based approaches. While for the former the number of waters affordable appears
highly limited by the size of the system, force field based techniques are able to account
up to million waters molecules with a reasonable computational cost. Thus, modelling
explicit water molecules is usually related with molecular descriptions and requires a
proper sampling of the phase space via simulations. In this context, the developed
water models aims to be simple enough to reduce the degrees of freedom to evaluate
the solvent energy contribution while at the same time maintaining a good level of
accuracy. On the counterpart, this simplification achieved by fitting parameters to
experimental data makes some models to be useful only under certain conditions.
One of the most commonly used methods are the TPXP [272] (being X the sites
of the molecule used to evaluate energy) and the simple point charge (SPC) models,
which contain a fixed number of sites to analyze interactions (normally three for wa-
ter) between molecules. Each site is described by a point charge, one dispersion and
one repulsion parameters. Usually they are also bond and angle constrained. Between
these, the three-point-charge based models TIP3P and SPC/E have been demon-
strated to properly describe water properties for the liquid phase. [273] A more so-
phisticated strategy to describe the solute-solvent interactions, opposed to the above,

is the use of polarizable force-fields, between which are AMOEBA (Atomic Multipole

60



Optimized Energetics for Biomolecular Applications), [274] SIBFA (Sum of Interac-
tions Between Fragments Ab initio computed) [275] or QCTFF (Quantum Chemical
Topology Force Field). [276] They are developed to reflect the charge anisotropy of
the interacting molecules by accounting for multipole moments. Another promis-
ing polarizable water model is COS (Charge On Spring), [277] which allow the water
molecules to be polarized by making flexible (“on spring”) one of the interaction sites.
Although being parametrized under standard conditions, it has been demonstrated to
be efficient for describing solvent behavior at high temperatures and pressures. [278]

In addition to make a good choice regarding the water model, another concerning
aspect when modelling (macro)molecules in solution is to avoid undesirable effects
coming from the boundaries of the solvation cell. Generally, this is overcome by using

the so called periodic boundary conditions (PBD).

3.6.2 Periodic boundary conditions

When modelling a solvated system, the incorrect treatment of the surface could pro-
mote undesirable effects during the simulation even considering an adequate number
of surrounding water molecules. To minimize this issue, the molecule is located in
the center of a water box, typically cubic (all types of space-filling polyhedral provide
equivalent results), which is repeated in all directions constituting a quasi-periodic
system with periodicity equal to the box dimensions (Figure 3.6). It is said then that

the system is treated under periodic boundary conditions (PBC).

Figure 3.6: Periodic boundary conditions.
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The major computational effort during a MD simulation comes from the calcula-
tion of the non-bonded interactions. Since their number increase exponentially with
the size of the system, their calculation could be very time consuming when dealing
with large molecules. However, this effort is not always necessary since some non-
bonded interactions, such as Van der Waals, decay rapidly with the distance. Thus,
usually a cut off distance is defined, which specifies an interaction sphere in which only
atoms lying inside are considered. Since a direct truncation could promote negative
effects (like a non-physical distribution of the water molecules) this is prevented via
switching [279,280] and shifting [281] strategies, which aim at smoothing this effect by
gradually powering down the Coulomb potential into a certain distance range. How-
ever, they both have the disadvantage of requiring pair-atoms lists each time step so
they are still quite time consuming. Regarding electrostatic (Coulomb) interactions,
they are long-ranged so they continue having relevance at large distances. As their ef-
fects would result ignored by the cutoff approximation, Fwald sum methods [282] are
applied. They aim at splitting the generic integration potential into two summations:
1) the direct space sum, known as “near-field contribution”, which represents the short
ranged interactions and converge easily; and 2) the reciprocal space sum, known as
“far-field” contribution. The famous Particle Mesh Fwald (PME) method [283] is
basically a simpler way to calculate the Ewald summation through the application
of Fourier transformations, which allow a significant decrease of the computational
cost. This method also allows calculating the exact Lennad-Jones potential form of

the Van der Waals energy [284].

3.6.3 Continuum methods

The preferred option for considering the solvent effects (when feasible) is the use of

continuum methods. They are hardly simplified by embedding the solute S into a
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cavity of a dielectric continuum with a specified dielectric constant e, which defines

the degree of polarizability of the solvent (Figure 3.7).

p

(0

Figure 3.7: Continuum solvation model.

The charge distribution of the solute S polarizes the dielectric medium at the
surface of the cavity. These charges act back modifying the solute’s charge distri-
bution, which defines a “reaction potential” (the polarization response of the solute
to the solvent) that is iterated until getting self-consistency. Continuum models are
frequently applied to QM strategies as these require reducing the degrees of freedom
as much as possible. In this context, the charge distribution of the solute is iteratively
calculated via ab initio calculations and is determined by the amount of perturbation
the solvent performs on the QM Hamiltonian (Equation ??) eq:QMSOLVENT

where Vmol+-solvent is the term including the interaction operators required to
describe the system response resulting from going from gas phase to a continuum
medium. These interaction operators account for cavity generation, electrostatics en-
ergy, QM dispersion energy and QM exchange repulsion. [285] (rm) indicates that the
equation is dependent on the solute coordinates. A variety of methods are comprised
into the generic Self-Consistent Reaction Field (SCRF) term, which differ basically on
how they deal with 1) the size and shape of the cavity, 2) the dispersion contributions,
3) the solute charge distribution and 5) the dielectric constant.

Between the routinely used continuum methods are those based in the Poisson-
Boltzman equation, such as polarizable continuum model (PCM), and the solvation

models based on density (SMD); [286] and those based on the Generalized Born (GB)
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approximation,® like the solvation models (SMX). [285] The SMD approach has been
used for all the QM calculations performed during this thesis in which continuum
models have been applied. It considers the full electron density of the solute (without
accounting for partial atomic charges) interacting with the medium. The cavity is
defined as the union of interlocking spheres centered on each atom, accounting for
parameterized radii and non-electrostatic terms. It has been parameterized based
on solvation free energies for a large variety of solutes and solvents, being specially
optimized for the B3LYP/6-31G* (the functional and basis set used for the QM
calculations in this work) and the Minnesota family of functionals.

Another promising approach to model solvation effects is the COnductor-like
Screening MOdel (COSMO). [287,288] In contrast to the formers, which use an exact
dielectric boundary condition, it uses a scaled-conductor approximation to derive the
continuum polarization charges and approximates the cavity by segments to calcu-
late the charges of its surface. The model have been demonstrated to be a powerful
approximation and significantly reduces the error coming from the description of the
outlying charge? with respect to the PCM method. [289]

The errors coming from lacking explicit interactions as hydrogen bonding appears
to be more relevant when reproducing experimental data than the tinny differences
coming from using different continuum models, which in general provide with a very
valuable description of the solvation effects when proper cavities (close to the Van
der Waals solute surface) are used. [289]

Regarding modelling macromolecules via simulation approaches such as MD or
protein-ligand, this requires accounting for solvent effects as they are essential for
describing solute reorganization resulting from changes on its polarity. This is quite

frequent in daily studied events such as mutagenesis (protein design), ligand binding

3 An approximation to the Poisson’s equation applicable to any desired cavity shape
4This refers to the amount of solute electron density that reaches out of the approximated cavity,
which can lead to significant errors in the solvent dielectric continuum treatment.
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or protein-protein interactions. Even with a classical treatment, the all-atoms ex-
plicit approaches result too expensive for some applications, and implicit models gain
again high relevance. In this context, the Generalized Born (GB) approximation is
again the most widely used to capture the most important properties of the water
solvent (polarity and polarizability). GB based approaches are able to properly rep-
resent continuum electrostatics, i.e. the solute atomic charges and polarized solving
contributing to the solvation free energy, but fail at describing the non-polar contri-
butions coming from solute-solvent dispersion interactions or exposed hydrophobic
side chains. To overcome these issues, recent works focus on combining the polar
contribution accounted by the GB approximation along with terms like the surface
area (SA), Lazaridis-Karplus (LK) gaussian energy density, dispersion energy (DI)
or Lennard-Jones-like non-polar contributions, which aim at including the non-polar

component into the description of the solvation free energy and lead to combinations

such as GBSA, GBDISA, GBDILK or GBLK. [290]

3.6.4 Discrete-continuum methods

The proper description of a system sometimes requires considering explicit interac-
tions between the solute and the solvent, more especially in those quantum simulations
in which water molecules are actively participating along the reaction mechanism. In
QM and QM/MM based approaches it is frequent to resort to discrete-continuum
strategies, which allow to account for discrete interactions of a small amount of prop-
erly located water molecules, while still maintaining a rapid performance by consid-
ering the rest as a continuum. A tricky point is to decide where to locate these water
molecules (with which they are interacting and, in case of QM /MM, in which layer(s)

they should be located) and how many they should be.
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3.7 Integrative strategies

When setting up a computational framework for modelling processes occurring into
an enzyme, it should account for aspects of very different nature, between which
could be: 1) identifying adequate conformations to bind the substrate, 2) identifying
a catalytically competent host-substrate fitting, 3) identifying the energetic barriers
of the catalytic mechanism itself and 4) recognizing factors that could affect the
chemical outcomes such as physicochemical changes into protein scaffold. Regarding
a more specific case as could be the de novo design of an enzyme, the computational
framework could additionally account for 5) the identification of adequate folds able
to bind the substrate. If, moreover, the system consists in an ArM, also 6) the effects
coming from the presence of the certain organometallic cofactor into the protein cavity
should be considered.

Factors of such diverse nature cannot be described in conjunction by a particular
molecular modelling technique, but they need to be rendered as separated molecu-
lar events. This leads to establish multi-scale strategies which aim at fractionating
complex processes into particular events to be described with the adequate molecular
modelling technique (Figure 3.8). In our group, integrative protocols combining QM,
docking, MD and/or QM /MM techniques has been demonstrated to lead to a proper
characterization of the conformational and catalytic properties of a variety of artificial
systems. [95,105,166, 171] These have been particularly established for the study of

ArMs and have provided with good experimental agreement.
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Figure 3.8: A computational chemist accounts for a variety of computational tools
that must be properly combined into multiscale protocols to approach the description
of the event of interest.

Combining several techniques to describe a whole molecular process is not an easy
task and many difficulties arise from implementing integrative protocols. They come
mainly from the necessity of generating an efficient flow between different programs
which perform a different storing of the molecular data and whose inputs require
specific formats. Some commercial interfaces exist which aim to integrate different
molecular modelling techniques while avoiding these issues. However, they are not
free and neither open-source. This means that there is not control on the algorithms
driving the integrated steps, so performing changes for more specific purposes or
integrating new functions cannot be boarded.

In our group many efforts have been dedicated to the design of free available
integrative interfaces taking advantage of the open-source program UCSF Chimera,
[291] developed by the Resource for Biocomputing, Visualization, and Informatics at
the University of California, San Francisco (supported by NIGMS P41-GM103311).
It is easily extensible thanks to the existence of glue code written in Python that
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allows coupling of non-commercial software and/or embedding new projects into the

Python interface.

3.8 Dealing with metals in molecular modelling

Dealing with systems containing transition metals require in most cases consider-
ing electronic effects since they usually participate in processes involving changes
on their oxidation or spin state, ligand coordination exchange (including reactants
or/and binding amino acids) and/or variations in the coordination geometry. [229]
This generates an extra difficulty during the modelling process, which has promoted
a generalized refuse by the theoretical scientific community to study or design systems
merging transition metal catalysis and biochemistry (like ArMs). Proof of this is the

reduced number of groups existing worldwide which deals with the in silico modelling

of ArMs.

3.8.1 Metals in Quantum Mechanics

The QM calculation of transition metal containing systems appears as a major prob-
lem due to the near degeneracy associated to the electrons that are partially occupying
the d orbitals. To obtain very accurate calculations, multireference methods like the
Multi-Reference Configuration Interaction (MRCI) are required. [229] However, these
are computationally very expensive and, thus, computational chemists are more in-
terested in identifying cheaper computational methods that are still able to provide a
good performance. In this context, DFT methods appears promising as they are able
to describe the electron correlation effects while owning advantageous scaling proper-
ties with respect to post-Hartree-Fock methods. This makes DFT to be widely used
for the computational study of large compounds containing transition metals, includ-

ing also the ab initio method used as part of the study of large systems such as DNA
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or proteins. [292] Between the most popular functionals for describing the structural
and energetic properties of transition metals containing systems, the hybrid-GGA
functional B3LYP, [200,201] together with BP86 [183,191] and PBEO, [204] shows a
generalized good performance in many benchmarks based on different sets of experi-
mental data, including databases of general use for functionals development. [293-295]
Especially for organometallic compounds, hybrid functionals containing more than
40% of HF exchange are not recommended. [229] Additionally, for GGA, meta-GGA
and most hybrid-GGA functionals it has been found that the magnitude of heat of
formation error highly varies in function of the degree of coordination of the metal, in
some cases achieving error values higher than 55 (kcal/mol). [296] Specifically, B3LYP
have found to be one of the few for which this error is maintained stable (less than

15.0 kcal/mol) whatever the degree of coordination is.

3.8.2 Metals in Molecular Mechanics

As mentioned in previous sections of this chapter, MM techniques such as docking or
MD simulations perform the energy description of the system based on specific force-
fields of different nature. The main limitation for describing organometallic complexes
via force-field based approaches is that the model appears limited to discrete states
of the metal-ligand interactions.

Regarding docking simulations, their force-fields have not been designed to
consider interactions between the protein and the first coordination sphere of
organometallic ligands, as they were originally developed to approach screening pro-
cesses in which only organic pharmacological compounds were considered. However,
the increasing interest in the last decades in the metalloenzyme design field has
boosted the necessity of dealing with modelling the metal coordination geometries.
A variety of strategies able to mitigate this limitation have been reported. Some are

based on the automated calculation of the metals interaction geometry (implemented
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in FlexX software), [297] and others based on the Cationic Dummy Atoms Model
(CDAM), such as the “H-bond trick” strategy, [298] successfully implemented in
GOLD5.2 program. [236] This places atoms acting as hydrogen bond donors at the
coordination sites of the metal. Another recently developed strategy that have been
included into the homology modelling program MODELLER, [299, 300] consists on
applying restrains to satisfy correct distances, angles and torsions between the metal
and its environment via a geometric optimization scheme. [301]

An even more challenging scenario is faced when performing MD simulations of
biomolecules containing metal moieties, since generalized force-fields applicable to bi-
ological systems does not account for parameters describing metal interactions. Due
to the large variety of structural rearrangements among metals and their coordinating
ligands, accounting for all of them would be absolutely out of range. Force-fields like
AMBER or CHARM include extensions of parametrized organometallic compounds
frequently found into modelled proteins, such as an iron bound to a porphyrin and
a coordinating histidine. However, they would not be able to provide a proper de-
scription of the same catalyst included into a different protein context. Usually,
when working with organometallic motifs is in the user hands to ensure their proper
description by feeding the force-field with new parameters.

For an appropriate description of the metal interactions, getting bonded (dis-
tances, bonds, angles) and non-bonded (electrostatic, Van der Waals) force constants
requires either experimental data or ab initio calculations which provide with proper
vibrational frequencies between the different sets of atoms. Then these can be trans-
lated to representative force constants throughout different strategies, being the most
popular the Seminario’s method [302] due to its easy use and its good accuracy. It has
been implemented into programs such as MCPB [303] and VEDFT [304] to facilitate
its application. Regarding charges, they can be calculated via different approaches.

The most popular is the restrained electrostatic potential (RESP) [305] method, which
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generates atom-centered point charges based on an algorithmic charge fitting proce-
dure to an electrostatic potential (ESP) generated via QM. Other empirical /semi-
empirical and cheaper methods are AM1-BCC, [306] CM2, [307] Mulliken, [308] or
Gasteiger. [309,310] All of them together with RESP are accessible via the antecham-
ber program. [311]

An alternative to the above is the already mentioned CDAM approach, [312] which
aims to mimic the interactions of the metal by consciously locating positively charged
pseudo atoms at the metal coordination sites. In contrast to the above strategies, the
CDAM method is independent to the context and thus, transferable. The model was
firstly introduce for Mn?* but was then extended to a large variety of different metal
centers. [313]

Although some force-field able to consider electronic effects have been developed
(YETI, [314] SIBFA, [315] LFMM [316]) and has been successfully implemented in a
variety of studies involving organometallic compounds (some even into the context of
metalloproteins), [317-319] these are far from being extended to the enzyme design
field do to the difficulty on their application. Instead, computational chemists prefer
make use of standard force-fields and expand the computational framework to describe
the system under QM including integrative strategies, as is the case of the work

performed in this thesis.
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Chapter 4

Rationalizing ArMs via multi-scale

computational frameworks

The computational study of ArMs is a complex task since it involves dealing with
complex processes, ranging from recognition phenomena to catalysis, most of which
are mediated by the metal. The Insilichem team has focused on studying these
systems during the last 10 years through the implementation of multi-scale strategies.

In previous work performed in the group it was observed than one of the major lim-
itations for ArM design is the large geometrical variability of the homogenous catalyst
inside the receptor before and/or during catalysis. From a computational perspec-
tive, this makes the search of pre-catalytic structures (the ones that are in convenient
molecular configurations for the reaction to proceed) particularly challenging because
of the extensive exploration of the conformational space that is required.

Due to the difficulty of setting up a framework able to describe metal mediated
pre-catalytic states at large scale, the previous studies performed in the group only
considered quantum calculations (QM and QM/MM), structural statistics and fine
tuned Protein-ligand docking simulations as part of the integrative strategy. [166]

This framework appears adequate enough to characterize physically relevant starting
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points but, depending on the system under study, it is quite limited to access to pre-
catalytic conformations. In this sense, MD simulations appear of great interest in the
way that they could potentially refine the initial Protein-ligand docking candidates
through the exploration of the conformational space.

One of the ground objectives of this Ph.D. has been to embed classical MD sim-
ulations as part of our integrative strategy. For this purpose, it was fundamental to
1) implement and optimize metal parametrization for generating force fields of the
metal complexes and 2) use at its maximum expression the accelerated drivers that
have been appearing in the computational panorama in the last 10 years (especially
for GPUs).

In the work presented in this Chapter, computational frameworks including MD
simulations have been used to characterize the mechanisms occurring into a variety
of ArMs. Specifically, these has been implemented to rationalize the entantioselective
tendencies of first, an artificial hydrogenase designed by Roelfes group (The Univer-
sity of Groningen) and, second, three variants of an artificial cyclic imine reductase
optimized by Ward group (The University of Basel) throughout directed evolution
approaches.

These studies represent the cornerstone of the work developed in the following
parts of the Ph.D. and more particularly in setting up the computational protocol for

our main goal: the computational de novo design of artificial systems.
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4.1 The study of the Cu-catalysed hydration of
alkenes in water and into the context of an
artificial metallohydratase

Chirally pure alcohols are transversal intermediates in chemical industries with a wide
range of applications spreading to fine chemistry, perfumes and cosmetics. [320, 321]
One of the most interesting reactions to approach those compounds is the enantiose-
lective addition of a water to alkenes, a mechanism that provides atom economy and
biocompatible processes. The base-catalysed 1,4-addition of water to unsaturated
double bonds (Michael addition) [322] is a text book reaction known to occur more
efficiently in electron-deficient C=C bonds. [323] Biocatalysis could represent an in-
teresting option in this aim. Some naturally occurring enzymes like fumarase and
enoyl-CoA hydratase have attracted the attention of chemists due to their excellent
catalytic and enantioselective profiles. [324-327] However, they are extremely specific
in term of substrate scope and their biochemical modification for industrial purposes
is still very limited. [320,328,329] Only few examples of efficient naturally occurring
enzymes able to perform the hydration reaction are described. [330,331] Still, they
proceed with very low ee levels. The design of an enantioselective hydratase with
broader specificity to reach chemically relevant reactants appears therefore as an in-
teresting goal. A promising strategy to address this challenge is the use of Artificial
Metalloenzymes (ArMs) to drive the activation of the water nucleophile and induce
asymmetry by the second coordination sphere. [87]

To date, the most successful ArM design for the asymmetric hydration of alkenes
has been reported by Roelfes and coworkers. [94,95,332] These are based on a copper
containing catalyst (phenanthroline or bipyrine) embedded in different biomolecular
scaffolds, either DNA or protein, by supramolecular, covalent or artificial amino acid

anchoring. Despite those advances, the control of Cu(II) mediated hydration still
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presents a series of challenges to develop better biocatalysts. The main difficulty
lies in dominating the reactivity of water molecules that are, at same time, a small
asymmetric reagent as well as part of the biocompatible media in which the reaction
takes place. Despite water has been clearly identified as a nucleophilic agent for the
reaction, the mechanistic picture of enantioselective Cu(II) mediated Michael addition
is still very partial and full of hypothesis. Scientific community points towards a step-
wise process involving nucleophilic and electrophilic attack in an anti fashion, in which
the final enantiomeric excess (ee) is defined in the nucleophilic attack.

In this Chapter, we will study the ArM designed by Roelfes and coworkers, based
on the inclusion of a copper containing phenanthroline cofactor (Phen-Cu(Il)) at
position M89C/M8IC’ of the dimeric LmrR protein (Figure 4.1). This artificial
matelloenzyme was able to perform the enantioselective addition of water to ketones
with high enantioselective levels. According to experimental data, the best results
were obtained for the substrate 2b, which corresponds with an «,f-unsaturated ke-
tone containing a t-butyl as R substituent. Interestingly, deuterion experiments on
the isolated Phen-Cu(Il) catalyst showed that the stereoselectivity comes from the
catalyst-substrate complex itself, which favors a syn electrophilic attack (REF). With
respect to the enantioselective character of the artificial metallohydratase, mutational
analysis of the LmrR scaffold suggested that the critical amino acid for the efficiency
of the enzyme was the residue D100, without which both conversion and enantios-
electivity drastically decreases. [94] This is consistent with evidences of a variety of
hydratases which are able to use conveniently placed negatively charged amino acids

for the direct or indirect activation of the water molecule. [328, 329,333, 334]
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Phen-Cu(ll)

Figure 4.1: Illustration of the LmrR based artificial metalloenzyme designed by
Roelfes and coworkers for the enantioselective addition of water to ketones. Two
Phen-Cu(II) cofactors were covalently linked to positions M89C/MS89C’, aiming to
pack them at the LmrR hydrophobic dimer interface.

This work aims at providing a clearer description of 1) the catalytic mechanism
of the copper mediated hydration of ketones in water and 2) how the LmrR scaffold
modulates the catalytic process to achieve enantioselectivity. For this purpose, we
perform a multiscale computational framework which spreads over a large variety of
methods (Figure 4.2). This combines Quantum Mechanics (QM) calculations, ab ini-
tio Molecular Dynamics (AIMD), Protein-ligand docking, Molecular Dynamics (MD)
simualtion and Quantum Mechanics/Molecular Mechanics (QM/MM). Specifically,

the process consisted in:

e Characterizing the copper mediated hydration of ketones via QM cluster models
(Figure 4.2 a). The entire mechanism was assessed with a cluster composed of
the Phen-Cu(II)-2b complex plus six water molecules. Critical points such as
the distribution of water molecules around the catalyst-substrate complex and
the discrimination between a step-wise or concerted mechanism, were further

76



assessed via ab initio MD simulations (AIMD). The inclusion of water molecules
into the cluster model limits the study of the stereospecific nature of the reac-
tion. The required displacement of water molecules to approach the substrate
in syn or ant: would lead to non comparable intermediates along the reaction
pathway. Thus, an alternative cluster composed of the Phen-Cu(Il)-substrate
and a pyridinium (proton donor) was carried out to compare between the syn
and anti energetic barriers. Last, we wanted to assess the effect of using an as-
partate residue as water nucleophile activator. For this purpose, a third cluster
composed by the Phen-Cu(II)-substrate complex plus six water molecules and

an aspartate moiety was performed.

Assessing the assembly between the LmrR and the Phen-Cu(Il) cofactors. A
system composed of the LmrR protein with Phen-Cu(II)-substrate and Phen-
Cu(I1)-2H20 complexes included at positions 89 and 89’, respectively, was con-
structed via Protein-ligand docking. This system was analysed through large

scale MD simulations (see details in next section) ((Figure 4.2 b)).

Studying the role of the second coordination sphere of LmrR as well as identi-

fying pre-catalytic frames ((Figure 4.2 c)).

Characterizing the copper mediated hydration reaction into the LmrR protein

via QM /MM and full QM cluster calculations (Figure 4.2 d).

7



Substrate Cofactor Protein

a b
Reaction mechanism . izati
Clister Full size Characterization of the
Phen-Cu(ll)-2b+waters modal wadal assembly
oM AIMD ) Protein-ligand docking, MD
' Q—CM, simulations
Phen-Cu(11)-2b+pyridinium B
QM
Phen-Cu(Il)-2b+waters +Asp Structural determinants
for catalysis
QM
Filtering

Pre-catalytic frames

—y c
Reaction mechanism into LmrR d
QM/MM
Full-QM

cluster

Figure 4.2: Computational framework for the study of the copper mediated hydra-
tion reaction implemented in this work. This include a) QM cluster calculations to
characterize the hydration mechanism, b) the characterization of the full size model
including the Phen-Cu(II) cofactors linked at position 89/89 via Protein-ligand dock-
ing and MD simulations, c¢) the identification of pre-catalytic frames involving the
second coordination sphere of LmrR and d) the study of the hydration mechanism
into the context of the LmrR scaffold.

This integrative approach sheds light on the copper driven hydration mechanism
as well as the effect coming from the second coordination sphere of LmrR. We believe
this work opens major avenues for both organometallic and biocatalysis fields, as
well as elucidates skills for optimizing the efficiency, regarding both conversion and

enantioselectivity, of artificial hydratases.
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4.1.1 Computational methods
Quantum calculations

All the quantum calculations were carried out with Gaussian09 program [264] at
DFT level using B3LYP-D3 functional. [200-202] The 6-31G(d,p) basis set was used
[335-337] for non-metallic atoms and SDD [338] including a f polarization function
for the 19 outer electrons of copper (the 10 inner core electrones are described by the
SDD effective core potential (ECP)).

The implicit Solvation Model based on Density (SMD) was used as continuum
method. [286] For those cluster models containing second coordination sphere amino
acids, an epsilon adequate to describe solvent accessible surfaces of proteins (e=9)

was specified. [339]

Ab initio Molecular Dynamics

AIMD simulations were used to investigate the structure of the first solvation shell
around the nucleophilic water and the substrate double bond. The entire process

appears summarized in figure 4.3. In particular, we wanted to assess:

e The existence of proper water chains (composed of 2, 3 or 4 water molecules)
connecting the nucleophilic water and the double bond of the substrate. This
search was performed along 12 ps of restrained AIMD, in which the atoms of the
nucleophilic water were restarined close to the substrate double bond (Figure
4.3 b). To identify water chains along the AIMD trajectory, we used an adapted
version of the algorithm proposed by Stirling and coworkers, [340] which is able

to identify up to three member water chains between two specified points.

e The destination of the proton after releasing the restrains taking as starting
point periodically selected frames (each ps along the last 6 ps) from the re-

strained AIMD trajectory (Figure 4.3 ¢). Additionally, frames that contained
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water chains, identified in the previous step, were also considered. All of them
were selected and submitted to 1 ps of unrestrained AIMD to assess if the

destination of the H+.

c. Analyse H+ destination

Restart for 1 ps free AIMD

Selected by hand
i water chains

.
'

gl gligl & &
w| ~|im]| o) ©
Starting ! g
12 ps restrained AIMD point
) 12 ps restrained AIMD

d Cywo=16A

dwyw,,=1.0 A

dwgw,,=1.0A a. Model validation: RDF against classical MD on bigger system

b. Search for proper water chains

Figure 4.3: Workflow to study the nature of the proton jumping via classical and ab
initio MD simulations.

The optimized structures were solvated with TIP3P 228 water molecules in a cubic
box of size L = 19.302, so that reproducing the density of water at ambient conditions.
Initially, this small size system was submitted to 12 ps of classical MD simulations
under periodic boundary conditions using sander simulation program [341,342] to
equilibrate water molecules around the organometallic complexes. The distances be-
tween atoms into the nucleophilic water molecule (wo-wy = 1.0 A) and the water
molecule and the substrate (wo-Cf) were fixed in order to avoid the proton hopping
at this point. The final conformation of the simulation was used as starting point for
12 ps of AIMD.

All the AIMD simulations were carried out with the CP2K program [343] under
NVT conditions. The force constants were calculated each time step at DFT level
using the BLYP functional [183-185] and the DZVP-MOLOPT-SR-GTH basis-set.

[344] The core electrons were described based on pseudopotentials. [345] The equations
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of motion were integrated with a time step of 0.5 fs using the Nose-Hoover thermostat.
[259,260] At this stage, the mentioned distance constraints were maintained.
Aiming to verify that the dimensions of this small and charged box was able to
properly represent the distribution of the water molecules around the system, the
AIMD simulation was compared to an equivalent classical MD of the same system
embedded into a larger and neutralized simulation cell. Comparisons were based
on the radial distribution functions of both the nucleophilic water and the carbon

acceptor of the proton (Figure A.1). See details for classical MD below.

Protein-ligand docking

The crystal structure of LmrR bound to the drug daunomycin (PDB code: 3F8F)
was used as initial model. Both daunomyicin and crystallographic water molecules
were removed. To generate the ArM two different ligands were constructed: 1) Phen-
Cu(II)-2b and 2) Phen-Cu(II)-2H50. Final geometries resulting from optimization via
QM calculations were used for covalent docking at position 89/89’. A bi-coordinated
geometry of the substrate at the equatorial position with respect to the copper cofac-
tor was considered, since this appears to be the most adequate to fit the active site
(Figure 4.4).

For the inclusion of both complexes into LmrR, both M89 and M89’ were mutated
to C using the Dunbrack rotamer library [346] implemented in Chimera program. [291]
The covalent linkage was performed between the sulphur atom of the cystein and
an overlapping sulphur atom added to the phenanthroline linker. Two successive
docking runs were performed: first, the complex Phen-Cu(II)-2b was included at
position M89C; second, Phen-Cu(II)-2H50 complex was docked at position M89C’ of
the resulting structure from previous step. For a proper disposition of the substrate

at the dimer interface, the complex 1 was selected as the first docked structure.
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The dockings were performed with GOLD 5.2 program (available through the
Cambridge Crystallographic Data Center (CCDC)) [236] and results were evaluated

using the ChemScore [256] scoring function.

(s

Phen-Cu(11)-2H,0

Figure 4.4: Schematic representation of the system generated after docking of
Phen-Cu(II)-2b/Phen-Cu(II)-2H,O at positions M89IC/M8IC’ of LmrR, respec-
tively.

Classical Molecular Dynamics

Force field parameters for the first coordination sphere of the metal were calculated
based in the Seminario’s method and RESP charges were generated with antechamber.
The ions94.1ib library and TIP3P [347] force fields were used for chloride ions and
water, respectively. The model was set up with the xleap program [208]

The best docking solution after the second docking run was used as starting point
for 100 ns MD simulation. Residues 71, 72 and 117-126 of chain A, and 1-4 and 116-
126 of chain B were not determined in the X-ray structure. Residues 71 and 72 of

chain A were repaired by superposition to chain B. The rest correspond to terminal
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residues that were replaced by uncharged motifs proper of the AMBER force field
(ACE and NME). [208]

The MD was set up with the xleap program. [208] It was immersed into a cubic
box containing about 37000 water molecules (10 A from the protein to the adge of the
box) and 4 chloride counterions to neutralize the simulation cell. The TIP3P [347] and
AMBER [208] force fields were used to describe water and the protein, respectively.
Chloride ions were described based on the ions94.lib library.

Parameters for Phen-Cu(II)-2b and Phen-Cu(II)-2H,0 complexes were generated
based on standard approaches. Point charges were calculated with antechamber [311]
according to the RESP procedure. [305] Bonded terms involving the metal center
were calculated based on the Seminario’s approach. [302] The remaining atoms were
parameterized according to GAFF force field. [223]

The Ewald Particle Mesh method [283] was used for the calculation of long-range
electrostatic interactions, and a cut off of 10 A was stablished for Van der Waals
and short-range electrostatics interactions. The SHAKE algorithm [348] was used for
constraining bonds involving hydrogen atoms. The equation of motion was integrated
with a Langevin integrator [349,350] and a time step of 1 fs. A Monte Carlo barostat
stablished at 1.01325 bar [351] was used to achieve constant temperature and pressure.

The simulation was run with OpenMM 7.0 program [352]. The equations of motion
were integrated with a time step of 1 fs. The system was first energy minimized during
3000 steps under NVT conditions to allow progressively water molecules, side-chain
and backbone to move. Then, the temperature was increased from 100 K up to 300
K for thermalization of water molecules and side chains. Last, 100 ns of production
under NPT conditions were carried out. Analysis and graphical illustrations were

performed with UCSF Chimera program. [291]
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Quantum Mechanics/Molecular Mechanics

Pre-catalytic frames resulting from the MD simulation were selected as starting point
for QM /MM calculations. Selection of frames was based on distances between the
substrate double bond and the catalytic aspartate (D100’). The high layer included
the Phen-Cu(II)-2b complex, the catalytic residue D100" and both coordinating to
the metal (if any) and catalytic water molecules. This part of the system was treated
at DFT level with same conditions as in previous QM calculations, excepting the
Grimme’s dispersion, which cannot be set up in ONIOM approach. The rest of the
system was considered at MM level. Parameters for the Phen-Cu(II)-2H,O complex
(included into the MM partition) were the same as the calculated for the MD simu-
lation. All residues pointing towards the active site were allowed to move, as well as
all water molecules contained into a sphere of 10 A from the substrate 2b.

The complexity of the system did not allow to properly polarize the Hamilto-
nian of the high layer by accounting for electronic embedding. Instead, mechanical
embedding was the only option for the treatment of the boundaries. To overcome
these problems, we went one step further and took advantage of the optimized frames

resulting from the QM /MM approach to set up full QM cluster model calculations.

Full Quantum Mechanics cluster model

To assess the hydration mechanism into the LmrR protein, a full QM cluster com-
posed of the Phen-Cu(II)-2b complex and all amino acids surrounding this at the
active site (V15, N19, A92, F93, W96, W96’, D100’, 1103’) was performed. Quan-
tum calculations were set up under the same conditions as the described previously,
taking as starting point the optimized structures resulting from QM/MM calcula-
tions. All residues were considered up to their o carbon, that were substituted by
methyl groups. With the aim to guarantee the directionality of the side chains spatial
restraints on these a carbons and all their attached hydrogens were considered.
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4.1.2 Results
Mechanistic study of the Phen-Cu(II) mediated hydration in water

Aiming to elucidate the two main steps of the hydration reaction (nucleophilic and
electrophilic addition), a cluster model composed of the Phen-Cu(IT)-2b complex with
six surrounding water molecules was constructed. The amount of water molecules was
established based on: 1) getting stabilization and proper explicit interactions with
the nucleophilic water (wy), the carboxylate group and the metal center, and 2)
minimizing the drift of water molecules along the different steps of the reaction by
constructing stable water chains.

Quantum calculations support the initial hypothesis suggesting a step-wise mech-
anism. First, the nucleophilic water (wy) attacks the § carbon of the substrate
(Figure 4.5 and Figure 4.6, TSy1). This generates an intermediate (I1) in which wy
preserves both hydrogens. Next, one of these protons of wy jumps (Figure 4.5 and
Figure 4.6, TSy2) to become stabilized at the water chain (I2). Last, the stabilized
hydronium performs an electrophilic attack to the a carbon of the substrate (Figure
4.5 and Figure 4.6, TSg) generating the final product P.

The effect of the steric bulk of the R substituent of the substrate was also assessed
(Figure 4.5). Results suggest that a small R group (R=methyl) easies the nucleophilic

addition (TSy1) around 4 kcal/mol, in contrast to a bulky R (R=t-butyl).
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Figure 4.5: Gibbs energy profile for the copper catalysed hydration reaction in water
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Figure 4.6: Transition state geometries for the copper catalysed hydration reaction
in water. Substrate double bond and attacking atoms are highlighted in pink and
green, respectively.

Aiming to discard that the suggested step-wise mechanism could be an artefact of
the cluster model, we validated this point via ab initio Molecular Dynamics (AIMD)
simulations.

From AIMD simulations we wanted to assess: 1) the nature of the water chains
around the catalyst-substrate complex. Specifically, if there were water chains joining
the proton of the attacking water wy with the a carbon of the substrate. And 2)
the destination of the proton after its delivery to the solvent. Regarding the first,
very few real water chains were found along 12 ps of restrained AIMD simulation.
They correspond with structures composed by two and four member water chains
(Figure A.2). For the second, these frames together with other periodically selected,

were used as starting point for 1 ps of unrestrained AIMD. After this time, the
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distances between the nucleophilic water proton wygy and the nucleophilic water
oxygen wyo were analysed to identify the delivery of the proton. In only three of
the unrestrained AIMD simulations was observed the proton jumping (Figure A.3).
Their visual inspection suggested that in any case the proton was transferred to
the a carbon of the substrate. Instead, it appeared either stabilized in the solvent
three waters away from wy or transiting between the solvent and wy. These results
support the hypothesis that the copper mediated hydration of alkenes follows a step-
wise mechanism.

To assess the diastereospecificity of the system cluster models composed of the
Phen-Cu(II)-substrate (being the substrate the reaction intermediate I) and a pyri-
dinium were performed (Figure 4.7). Both the S and R enantiomers of intermediate
I as well as two different R substituents (R=methyl and R=butyl) were considered.
Consistently with experimental data, results suggest that the syn attack (TSg syn)
is favoured upon the anti attack (TSg syn) for both S and R enantiomers (Table
4.1). In this case results do not evidence a significant effect of the steric bulk of the

R substituent on the stereospecificity of the reaction.

TS syn TS anti

. i

€B

Figure 4.7: Transition state structures of the electrophilic attack mediated by a pyri-
dinium compound over the S and R intermediates, both in syn and anti.
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Table 4.1: AG values for the transition state structures correspoding to the elec-
trophilic attack to the S and R enantiomers of the intermediate I, both in syn and
anti.

ee TSg syn TSg anti

R 0.0 3.2
R=methyl

S 0.2 3.1

R 0.0 4.7
R=t-butyl

S 0.7 4.6

Summarizing, the combination of QM calculations of the potential energy profiles
and AIMD simulation supports the initial hypothesis suggesting that the copper me-
diated hydration of alkenes in water evolves through a step-wise mechanism. This
involves: 1) a nucleophilic and 2) an electrophilic attack, being the second the rate
determining step of the reaction. The first step of the reaction seems to be favoured
by bulky R substituents that are directly connected to the double bond of the sub-
strate. Regarding the second step, which defines the stereospecificity of the reaction,
QM calculations support experimental data suggesting that the syn attack is favoured

over the anti.

The copper mediated hydration of alkenes into the LmrR protein

The embedding of homogenous catalysts into a proteic scaffold could have different
impacts. One is the modification of the mechanistic path by the intervention of second
coordination sphere side chains into the reactive sphere of the metal. The second is
related with binding the substrate and dictating its orientation for the reaction to
occur. Before entering into the study of the full size scaffold, we decided to investigate
under a cluster model approach the introduction of an aspartate moiety in the vicinity

of the substrate and metal ion to mediate the activation of the water nucleophile
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(Figure 4.8). This is consistent with the clear experimental impact observed about

the role of D100 in the enantioselectivity of the reaction.
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Figure 4.8: Scheme of the hypothesized water nucleophile activation mediated by an
aspartate.

Two cluster models including 1) the Phen-Cu(Il)-2b complex, 2) six water
molecules (for consistency with previous model) and 3) a carboxylate moiety were
constructed (Figure 4.9). Different arrangement of the water molecules, correspond-
ing with one (Figure 4.9 a) or two (Figure 4.9 b) water molecules between the

aspartate and the substrate double bond were considered.
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Figure 4.9: Quantum calculations for the nucleophilic attack mediated by an aspartate
residue. Barriers were calculated considering either a) a direct activation of the
nucleophilic water (wy) by the aspartate or b) through a bridging water molecule

(Wg).

The results suggest that the aspartate boosts the nucleophilic attack (TSy) de-
creasing the barrier around 5 kcal/mol with respect to the isolated Phen-Cu(II) sys-
tem (Figure 4.6). The aspartate is able to activate the water nucleophile wy either
directly (Figure 4.9 a) or through a bridging water molecule wg (Figure 4.9 b). How-
ever, the second implies an energy penalty of around 3 kcal/mol. Additionally, results
suggest that the optimum distances between the oxygens of the carboxylate and the
substarte double bond is between 3.6 and 5.0 A. This data is in agreement with
structural information found in X-ray structures of natural hydratases with a bound
substrate. [353-355]

Aiming to construct the full size model, Protein-ligand docking was performed.
Both 1) Phen-Cu(I1)-2b and 2) Phen-Cu(II)-2H;O complexes were included at posi-

tions M89C and M8IC’ of LmrR, respectively. After the first run, which involves the
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docking of the 1) Phen-Cu(II)-2b, the results suggest good interaction between the
complex and the dimer interface (50.06 ChemScore units) (Table A.1). The complex
appears sandwiched at the hydrophobic cavity between residues W97/W97’ (Figure
4.10 a). Also hydrophobic interactions with residues 1103’, V15 and F93 were found,
which seem to stabilize the complex inside the active site. Additionally, residues
D100/D100" appear the only negatively charged amino acids located in the close
surroundings to the substrate double bond. The second docking run involved the in-
clusion of complex 2) Phen-Cu(II)-2H,0O into the LmrR containing complex 1 (Table
A.1). In this case, results suggested a less favourable fitting (37.19 Chemscore units).
The complex 2) Phen-Cu(II)-2H,O appears slightly displaced towards the solvent due
to the few remaining space at the dimer interface after the inclusion of complex 1)
Phen-Cu(II)-2b. This suggests that the LmrR-Phen-Cu(II) system would not be able
to accommodate at the dimer interface two substrates at the same time.

The best docking solution resulting from the second run was submitted to 100 ns
MD simulation. During this time, the Phen-Cu(II)-2b complex appears well stabilized
at the dimer interface and shows more specific interactions with the protein active site.
Residues F93/F93’ gain relevance in this stabilization by performing m-stacking with
both Phen-Cu(II)-2b and Phen-Cu(II)-2H,O complexes, respectively. The results
also show stabilizing polar interactions that were not found in docking: the Phen-
Cu(II) complex appears performing a hydrogen bond with N19 and interacting with
D100’ through the coordination of the metal center. This interaction can be direct or
through a bridging water molecule located at the axial position of the copper (Figure
4.10 b). All together suggests a double role for the aspartate residue: on one hand,
the stabilization of the cofactor-substrate complex into the active site and, on the

other hand, the activation of the water nucleophile.
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Figure 4.10: Interactions of the Phen-Cu(II)-2b complex at the dimer interface of the
LmrR protein after a. Protein-ligand docking and b. 100 ns MD simulation.

To assess the positioning of the D100/D100’ residues with respect to the substrate
double bond, the distances between their carboxylate groups and the 8 carbon of the
substrate were analysed along the trajectory. According to the cluster model (Figure
4.9), the distances found are feasible with catalysis (from 3.0 to 6.5 A) (Figure A.4).
However, visual inspection of these frames shows that only the residue D100’ is able
to approach the substrate double bond. In contrast, D100 appears blocked by the
bulky R substituent of the substrate (Figure 4.10 b). This supports experimental
observations, which relate significantly higher ee levels with the substrate 2b (R=t-
butyl) with respect to substrates with less bulky R substituents.

The water distribution around the substrate double bond was further analysed.
A search of pre-catalytic configurations, i.e. frames containing water molecules at
proper distances and orientations with respect to the double bond and any negatively
charged residue around, was performed (Figure A.5). This allowed to determine:
1) the number of times a pre-catalytic structure is found along the simulation time
scale, 2) what is the negative residue conforming such configuration and 3) at what
side of the double bond the catalytic water is placed, which also allows to perform
an estimation about the enantioselective tendency of the system. All pre-catalytic

structures found involved the R-face of the double bond (Figure A.5) and, as expected,
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D100’ was the main responsible in conforming these configurations, which supports
experimental data. Supporting previous observations, some of these involved the
D100’ directly coordinating the metal center (Figure 4.11 D100-Cu), and a others an

indirect interaction through a bridging water molecule (Figure 4.11 D100-w-Cu).

O
a D100 & b D100 [~

Phen

Figure 4.11: Pre-catalytic configurations found along 100 ns MD simulation, involving
a. direct (D100-Cu) or b. indirect (D100-w-Cu) interaction between D100’ and the
metal center.

Two pre-catalytic structures involving both types of interactions between D100’
and copper were selected to assess catalysis into the protein scaffold. Due to the
limitations that QM/MM approaches present in this system (on one hand, leading
with explicit water molecules and, on the other hand, accounting with electronic
embedding) both QM /MM and full QM cluster strategies were combined to study the
catalytic pathway. First, the entire system was considered at QM /MM level taking as
starting point the pre-catalytic configurations. This allowed to access to the transition
state geometries considering all the elements of the system, including the explicit
water molecules. Next, these were reduced to models composed of less than 200 atoms
for full QM analysis. These included: the Phen-Cu(II)-2b complex, the residues at
the active site, the nucleophilic water (wy) and the axial water coordinating the

copper (if any) (Figure 4.12).
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Figure 4.12: TS geometries calculated via full QM cluster models for the hydration
reaction into LmrR.

Results suggest that the two steps of the hydration reaction (the nucleophilic and
the electrophilic attack) can be driven by the aspartate residue (Figures 4.12 and 4.13,
TSy and TSg). For the first step, the nucleophilic water wy attacks the double
bond of the substrate at the same time that D100" extracts the remaining proton
(TSy), leading to the intermediate I (Figure 4.13 I). This barrier (7.1 kcal/mol) is
consistent with the one found in the cluster model including an aspartate moiety
(Figure 4.9), and is around 8 kcal/mol less than the nucleophilic attack occurring
in water. Next, the protonated D100’ gives back the proton to the substrate in
syn(TSg) leading to the final product (P). These results suggest not only that the

second coordination sphere favours the generation of the R enantiomer, but also that
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the stereoselectivity is switched from anti to syn. Consistently with the reaction
in water studied above, results point to the electrophilic attack (TSg) as the rate
determining step of the catalytic pathway. Additionally, the D100-w-Cu configuration

appears highly favoured (around 14 kcal/mol) with respect to the D100-Cu direct

coordination for both reaction stages.
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Figure 4.13: TS geometries calculated via full QM cluster models for the hydration
reaction into LmrR.

These results suggest that the presence of the second coordination sphere: 1)
promotes a decrease of around 8 kcal/mol for the nucleophilic attack, 2) leads to the

generation of the R enantiomer and 3) leads the electrophilic attack to evolve in a

syn fashion.
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4.1.3 Conclusions

The copper mediated conjugated addition of water to ketones has been described
based on a computational multiscale strategy. This includes from QM based strategies
(such as AIMD, full QM and QM /MM calculations) to force-field based methodologies
(Protein-ligand docking and MD simulations). Their proper combination has allowed
to elucidate the nature of the copper mediated hydration reaction both as an isolated
system and into the context of an artificial metallohydratase.

The combination of QM calculations and AIMD simulations suggest that the
copper mediated hydration of alkenes in water courses through a step-wise mechanism.
This involves, first, a nucleophilic and, second, an electrophilic attack, being the last
the rate determining step of the reaction.

MD simulations of the full size LmrR-Phen-Cu(II) system, point to the residue
D100’ as the main driver of the activation of the water nucleophile. Regarding the
enantioselectivity of the reaction, MD suggests that D100’ approach the substrate
double bond on its R face. Furthermore, the lack of pre-catalytic configurations
involving the pro-S face could be substrate dependent. Bulky R substituents seems
to block the accessibility of D100 to the substrate double bond. This suggestion is
consistent with experimental data, which shows higher conversion but decreased ee
levels for substrates with less bulky substituents. [94]

The combination of QM/MM and full QM cluster strategies allowed to elucidate
the potential energy profile of the reaction into the LmrR protein. The residue D100’
seems to have a double role: 1) stabilize the Phen-Cu(II) by interacting with the metal
center through a bridging water molecule located at the axial position of the metal
and 2) drive both the nucleophilic and the electrophilic attacks. The positioning of
the aspartate with respect to the substrate double bond leads to the generation of

the R enantiomer and the reaction to evolve in a syn fashion.
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4.2 An artificial enantioselective imine reductase

4.2.1 An overview

The ArMs based on the biotin-streptavidin technology [356] have proven to be highly
versatile and have been widely used to catalyze a wide range of new-to nature chemical
reactions such as Hydrogenation, Allylic Alkilation, Suzuki Cross-Coupling and Olefin
Metathesis, between others. [87]

Thomas Ward and coworkers have intensively worked on constructing new en-
zymes based on biotin-streptavidin technology as well as their optimization via di-
rected evolution approaches. [357] With regard to the work of this thesis, the sys-
tem of interest consists on a biotin linked [Cp*Ir(biot-p-L)Cl] cofactor included into
the streptavidine (Sav) protein. This leads to an Artificial Transfer Hydrogenase
(ATHase) able to perform the asymmetric imine reduction reaction (Figure 4.14).
[105] This ATHase was optimized via directed evolution leading to promising 3rd
and 4th generation variants for reduction of three substrates: pyrrolidine (PPL),
quinolone (PDQ) or salsolidine (Figure 4.15). However, significant variations regard-
ing both conversion and enantioselectivity were found for the different substrates.
Aiming to rationalize the experimental data involving the most promising ATHase
candidates, we performed a multiscale strategy which included Protein-ligand dock-
ing, metadynamics and Generalized Born Molecular Dynamics (GB MD) simulations.

We aimed to describe:

e The positioning of the Ir catalyst into the Sav active site for each variant (Meta-

dynamics)

e The assembly of the substrates with the corresponding ATHase variant (Protein-
ligand docking), i.e. if they appear accommodated in a pro-S or pro-R configu-

ration with respect to the Ir catalyst.
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e The life time of the resulting assemblies from docking to discriminate between

pro-S and pro-R configurations (GB MD simulations).
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Figure 4.14: Scheme of the hydroamination reaction catalysed by the biotinylated
[Cp*Ir(biot-p-L)Cl] cofactor into the Streptavidine (Sav) protein. Catalysis was
tested with 1:2 equivalents of catalyst with respect to Sav monomers. i.e, two catalysts
per tetramer. Each cofactor is located in an active site composed by the monomer
which interacts with the biotin and the adjacent monomer. In the scheme only one
cofactor is represented. The models performed in this work considers only the two
monomers composing the active site for one cofactor.
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Figure 4.15: Selected substrates to assess the catalysis of the ATHase and their
corresponding products.

4.2.2 The experimental input

All the experimental data related with the directed evolution experiments is collected
in Figure A.6. Between the tested candidates, the most successful results were ob-
tained for the reduction of the PPL substrate by a 3" and a 4" genaration variants.
Interestingly, they showed opposite enantiomeric tendencies. The 3¢ generation vari-
ant K121A-S112A-N118P-S122M (from now on V1) reduced the PPL substrate lead-
ing to an excess of 92% ee for the R product. In contrast, the 4 generation variant
S112R-N118P-K121A-S122M-L124Y (from now on V2) reduced the PPL substrate
favouring the generation of the S enantiomer with a 78% ee (Table 4.2).

For salsolidine and PDQ substrates, the ee levels found were in general significantly
lower. Still, variants with opposite enantiomeric tendency for both substrates were

found. The most interesting case was the third generation mutant K121A-S112T-
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Table 4.2: Experimental data for variants K121A-S112A-N118P-S122M (V1) and
S112R-N118P-K121A-S122M-1.124Y (V2) for the reduction of the PPL substrate and
variant K121A-S112T-N118K-S122K (V3) for the reduction of PDQ and salsolidine
substrates. Positive values refer to R ee and negative values to S ee.

Variants PPL PDQ Salsolidine

V1 +36 -50
V2 +92
V3 -78

N118K-S122K (V3) which reduced the salsolidine substrate with an ee of 50% for
the S enantiomer and the PD(Q substrate with an ee of 36% favouring the generation
of the R enantiomer (Table 4.2).

Aiming to rationalize the experimental results, the computational framework was
based on comparing those systems which showed more significant variation on the
enantiomeric tendency. This is, on one hand, variants V1 and V2 for the reduction
of the PPL substrate and, on the other hand, variant V3 for the reduction of both

salsolidine and PDQ substrates.

4.2.3 Computational details
Model systems

We accounted for two X-ray structures corresponding to the variants S112A-N118P-
K121A-S122M (V1) and S112R-N118P-K121A-S122M-L124Y (V2), so we focused
on explaining the enantioselective tendencies for the PPL substrate taking as start-
ing point the crystallographic material. However, these were determined assuming
saturation of the Sav monomers by the cofactor while catalysis was performed under
a 1:2 ratio of cofactor per Sav monomer. To properly characterize the assemblies
under catalytic conditions, the dynamical behaviour of the cofactor at the protein

vestibule was also assessed for these variants. Only two monomers and one catalyst
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were considered for simulation. For the variant K121A-S112T-N118K-S122K (V3),
for which no X-ray material was available, a conformation of the cofactor bound
to S112A variant from a previous study (unpublished) was used as starting point.
The single point mutations were generated using the Dunbrack backbone-dependent
rotamer library [346,358] contained in Chimera package. [291] Rotamers were cho-
sen aiming to minimize the steric contacts between the cofactor and the rest of the

protein.

Molecular Dynamics

The available GAFF parameters were used to describe the cofactor. Missing bonding
and bending terms were generated via the Seminario’s method. [302] Accordingly with
a previous study, [166] the protonated form of the substrates (iminium cataions) and
the hydride form of the Ir catalyst were optimized at DFT/BP86 level with the def2-
TZVPP basis set using the ORCA code [359] for the generation of the force constants.
The atomic charges were computed based on the RESP methodology. [305]

Implicit solvent Generalized Born (GB) Molecular Dynamics simulations were
performed for the tetramer of streptavidin bound to the biotinylated Ir complex for
the three variants V1, V2 and V3. Simulations were performed with the NAMD
code, [360] which implements the Born model developed by Onufriev et al., [361] at
300 K and 0 ionic strength. For the non-bonded interactions a cut off of 16 A was
used.

Models underwent 1 ns MD simulation followed by 4 ns metadynamics simulation
to boost the exploration of the conformational space of the cofactor. The dihedrals
around the C4 — S1 and S1 — N2 bonds were biased with a history dependent potential
composed of repulsive Gaussian functions of 0.1 kcal/mol height and 10 degrees width
added every 100 MD steps. During the metadynamics simulations rotation around

the N1 — C1 bond also took place, so that it was not possible to assign conformational
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basins to the metadynamics potential and thus, a different strategy was used. For each
variant, ten conformations which showed maximal cofactor RMSD were extracted
from the metadynamics trajectories and used as starting point for ten independent
GB MD simulations of 2 ns long each. In most cases, the cofactor explored more
than one conformation and thus, the resulting trajectories were merged and used for
a clustering analysis based on the cofactor RMSD. Clusters showing a population
> 1% were used to estimate the cofactor binding energy based on the GBSA/MM

approach. [362]

Protein-ligand docking

Dockings were performed with GOLD5.2 program (available through the Cambridge
Crystallographic Data Center (CCDC)) and evaluated based on ChemScore scoring
function. [256] Aiming to discard the poses in which the enantiomeric carbon of the
imine would be too far from the metal centre or blocked by the Cp star of the catalyst,
distance between this carbon and the iridium were fixed to a range between 2.0 and
4.5 A. Rotamers for all residues occupying the active site were applied using the

Dunbrack library of rotamers. [346, 358|

4.2.4 Results
The asymmetric reduction of PPL by the variants V1 and V2

The positioning of the Ir catalysts into the Sav active site was assessed via metady-
namics simulations. Results suggest that the catalyst is able to explore a big amount
of conformations into the big active site composed by two monomers. With the aim
to identify the most repeated configurations of the catalyst along the trajectory, these
were grouped via clustering analysis. The most populated clusters that, in addition,
were related to the lowest protein-cofactor binding energies, fitted very well with

the X-ray structures for both S112A-N118P-K121A-S122M (V1) and S112R-N118P-
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K121A-S122M-L124Y (V2) variants (Figure A.7). Thus, these were selected as model
systems to rationalize the enantiomeric tendency for the reduction of substrate PPL.

Protein-ligand docking of the protonated form of PPL was performed. For V1,
docking results do not show clear preference for the pro-S or pro-R binding modes.
The available space around the Ir catalyst is broad enough to allow the accommoda-
tion of the substrates both in the pro-S or pro-R configurations (Figure 4.16 a). For
variant V2, docking also suggests feasible pro-S and pro-R binding modes. In both
cases, the phenyl group of the substrate lies in the pocket formed by the residues R112
and Y124 from both monomers and the residue P118 from the adjacent monomer.
However, only in case of the pro-S configuration, the -NH of the substrate appeared
interacting with the hydroxyl group of the Y124, while for the pro-R this was flipped
by 180 degrees and did not perform such interaction (Figure 4.16 b and c). This

suggest that the pro-S binding mode of substrate PPL could be favoured into variant

V2 thanks to the hydrogen bond interaction between PPL and L124Y.

Figure 4.16: PPL binding modes into the representative structures of the most popu-
lated clusters (corresponding with the X-ray structures) for a) V1, which allows both
pro-R and pro-S configurations (represented only the pro-R); and for b, ¢) V2, in
which the pro-S binding mode (c) appears favoured by an hydrogen bond between
the substrate and tyrosine L124Y4.
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To further assess the viability of the PPL binding modes at the active site of both
variants, resulting complexes were energy-minimized and submitted to 2 ns of GB
MD simulation.

For V1, the results suggest a binding mode still without clear preference for re-
ducing either the pro-S or pro-R configuration of PPL. In both cases the substrate
appears at the hydrophobic surface constituted by the residues L110, A112, T114,
P118, A121 and L124. We then also considered the binding of PPL to the representa-
tive structures of other clusters related with different orientations of the Ir cofactor.
However, after docking and same time scale (2 ns) MD simulations any long-lived
pro-S or pro-R binding mode were found. This supports docking observations which
suggest that the experimental data cannot be easily rationalized via a pure binding
process for this variant. In this case, further analysis involving calculations of reaction
barriers may be required.

For variant V2, in contrast, GB MD simulations suggested clear differences be-
tween the pro-S and pro-R binding modes. While the pro-R binding mode is not
stable during the trajectory, the pro-S shows a longer life time (around 200 ps) at the
nearby area of the cofactor. During this time, the pro-S binding mode appears sta-
bilized via a hydrogen bond through its -NH group. However, this interaction is not
with L124Y4 as docking suggested, but is with the carboxylate of the A121 backbone,
which forms a hydrogen bond that stabilizes the binding. From this, accordingly to
experimental data, we suggest that the S112R-N118P-K121A-S122M-L124Y variant
should reduce preferentially the pro-S configuration of PPL, since both docking and

MD simulations recognize it as the most favourable binding mode.

105



Assessing the enantioselective tendencies of PDQ and salsolidine into vari-

ant V3

For variant K121A-S112T-N118K-S122K (V3) no crystallographic material was avail-
able. Thus, as before, the most populated clusters resulting from the metadynamics
which, additionally, showed best cofactor binding energies were selected as model
systems. These were clusters c0, ¢2 and ¢3 (Figure A.8).

The representative structures of the selected clusters were used as host for Protein-
ligand docking of the PD(Q and salsolidine substrates in its protonated state. For both
substrates docking found a large variety of poses related to both the pro-S or pro-
R binding modes (Table 4.3). However, the representative structure of the most
populated cluster cO shows predisposition to accommodate the pro-R orientation of
PDQ and the pro-S of salsolidine, which supports experimental data. In contrast with
other variants, V3 shows two different accessible binding sites corresponding with
opposite faces of the Ir catalyst: cluster cO binds substrates in a vestibule constituted
by T112, T114, T115 and K106 residues of monomer A (Figure 4.17 a, b); instead,
cluster c2 accommodates substrates next to T112, L124 and L.110 residues of monomer
B (Figure 4.17 b, d). With the aim to properly discriminate between the pro-S and
pro-R binding modes, all the configurations resulting from docking that appeared
properly oriented and at good distances from the Ir catalyst were submitted to 2 ns
MD simulation.

To assess the lifetime of the selected poses next to the Ir catalyst, the MD trajecto-
ries were filtered in function of the distances between the Ir-H and the acceptor carbon
of the substrates. A distance up to 4 A was considered as it ensures pre-catalytic
orientations of the substrate with respect to the Ir catalyst.

The number of extracted frames highly varied between the two substrates and

also between the pro-R and pro-S binding modes. This suggests that the assessed
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Table 4.3: The enantiomeric tendency of the selected poses together with the corre-
sponding binding energies AG (kcal/mol) and scoring values resulting from docking.

PDQ Salsolidine
Cluster Tendency @ AG  ChemScore Tendency @ AG  ChemScore
R -24.86 19.19 S -18.47 13.93
0 S -24.67 19.18 S -19.57 13.39
R -23.89 18.52 S -15.30 11.97
R -24.86 17.84 R -17.04 11.92
Vi I R -32.22 19.73 R -20.48 18.48
S -27.10 19.93 S -21.19 16.75
R -23.18 21.32 R -16.96 1591
c3 R -21.49 19.90 R -17.29 15.40
R -20.79 19.53

configurations are not equally stable in the close surroundings of the Ir catalyst (Table
4.4).

For substrate PDQ, a high number of frames related to both pro-R (entry 1)
(Figure 4.17, see PDQ c0) and pro-S (entry 5) (Figure 4.17, see PDQ ¢2) orientations
were found. The pro-S orientation in cluster ¢2 appears stabilized by an hydrogen
bond between the -NH of PDQ and the carboxylate group of the cofactor. However,
the collected pro-R frames are associated to the most populated cluster c0. This
suggests that, although both pro-R and pro-S orientations are stable at the different
vestibules of V1, the system access more frequently to pro-R configurations, which
is consistent with experimental data.

Regarding salsolidine, the MD simulations show significant preference for the pro-
S orientation (entries 1 and 5) in the two most populated clusters c0 and ¢2 of V1
(Figure 4.17, see salsolidine). As with PDQ), in cluster ¢2 salsolidine appears forming
a hydrogen bond with the carboxylate group of the cofactor (Figure 4.17 d), which

may help to stabilize salsolidine next to the metal center. In contrast, the pro-R
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Table 4.4: Number of frames collected among 2 ns MD simulation corresponding to
R or § pre-catalytic orientations between the Ir catalyst and substrates in the most
populated clusters of variant V1.

PDQ Salsolidine
Docking Pre-reactive Docking Pre-reactive
Cluster Entry
pose frames pose frames

R 280 S 162 1

S 48 S 45 2
c0

R 47 S 10 3

R - R 4 4

Vi S 201 S 116 5
c2

R 1 R 2 6

R 284 R 18 7

c3 R 159 R 17 8

R 41 9

binding modes appears unstable next to the Ir catalyst, being immediately displaced

away at the very beginning of the MD simulation (entries 4 and 6-8).
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Figure 4.17: Different binding modes found for the variant V3 for the substrates
PDQ (left) and salsolidine (right).
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4.2.5 Conclusions

The results of this study suggest that the enantiomeric tendencies found experimen-
tally can be explained based on molecular recognition for three between the four
assessed candidates. This are the variant V2 reducing the PPL substrate and the
variant V3 reducing both PDQ and salsolidine substrates. The enantiomeric ten-
dency upon reduction of PPL by the variant V1 could not be explained basing the
computational framework in the binding process. In this case, further analysis involv-
ing calculations of the energetic barriers would be required to discriminate between
the S and R tendencies.

Again the results demonstrate that the proper combination of Protein-ligand
docking and MD simulations is able to reproduce protein-ligand interactions that
can be key to rationalize the enantioselective tendencies of ArMs. This work also
supports relevance of performing post-analysis of the docking results via MD simu-
lations. [363-367] This appears key to assess the viability of the predicted binding
modes as well as to elucidate new interactions between the ligand and the protein

active site.
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Chapter 5

From the re-design to the de novo

design of new functions

From the available 20 natural amino acids, the absolute sequence space include up to
20" (being n the number of amino acids composing a protein) possibilities. The fact
that the number of known proteins composing the existing organisms is of the order
of 10'? evidences that Nature has explored only a tiny part of this space. [7]

The combination of both mutation and selection, which has driven evolution over
millions of years, has spread the protein variability to cover all essential functions
of living organisms. This complex process has explored a very small fraction of
the available sequence space. Furthermore, protein variability has occurred in an
irregular way, leading to the generation of clusters corresponding with the different

protein families we now recognize (Figure 5.1).
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Figure 5.1: Illustration about the different ways evolution, de novo design and re-
design explore the available sequence space. This is inspired by a recent review by
Baker and coworkers. [7]

De novo design and re-design strategies aim at exploring the remaining area of
the sequence space. The main difference between both is how they access to new
regions. As with the de novo design we can displace to any point along the sequence
space, via re-design we only access to close areas around pre-existing (either natural
or resulting from de novo design) clusters.

The main difficulty for both the de novo design and the re-design strategies arises
in the fact that, of course, not all the unexplored sequence space is able to provide
functional proteins. The use of Artificial Metalloenzymes (ArM) appear as a powerful
option to access to non-explored regions. First, providing a new function to a native
protein scaffold (or a protein block) by incorporating an organometallic cofactor (de
novo design). Second, optimizing this function by both rational or random changes on
the sequence and/or varying the nature or the positioning of the cofactor (re-design).

In this Chapter we explore all the concepts stated above, again by making use
of computational multiscale strategies. First, we perform the in silico study of an
experimentally de novo designed artificial hydratase, aiming at optimizing its catalytic
efficiency via rational re-design. Second, we move one step further and focus our
strategy on a more challenging purpose, as is the computational de novo design of

artificial metallopeptides, i.e. a de novo design with no experimental input. Here,
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we demonstrate that very complex and challenging goals can be overcome with the
proper use and combination of standard techniques, ranging from QM calculations to

force-field based methodologies as Protein-ligand docking and MD simulations.

5.1 An artificial metallohydratase including a non-

canonical amino acid

5.1.1 An overview

One of the main challenges when facing the design of ArMs is the identification of
catalytically active geometries between adequate cofactor-protein partners. The use
of unnatural amino acids (UAA), especially those that are able to coordinate metals,
facilitates this task since it allows controlling the location of the cofactor into the
protein scaffold. Roelfes and coworkers reported a new methodolgy for the in vivo
incorporation of the metal binding non-canonical amino acid Ala-2,2’-bipyridine (from
now on BpyA) into a pre-defined position of the LmrR protein [79] based on the amber
stop codon suppression strategy. [131,368,369] In contrast to the covalent conjugation
methodology,! the implementation of this approach appeared of great relevance as it
allows the straightforward synthesis of the ArMs in vivo.

The new BpyA-Cu(Il) based ArM was able to perform both the Friedel-Craft
alkylation reaction [79] and the asymmetric conjugate addition of water to ketones.
Despite being highly efficient for the first, this showed poor conversion and enantios-
electivity for the later.

Regarding the high efficiency that the system exposed in Chapter 4 LmrR-Phen-

Cu(II) shows for the hydration reaction and the high similarity between the Phen-

!The covalent conjugation strategy is the one implemented to synthesize the LmrR-Phen-Cu(II)
artificial metalloenzyme described in Chapter 4.
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Cu(IT) and BpyA-Cu(Il) cofactors (Figure 5.2), the low performance of the Lmr-

BpyA-Cu(II) system for the hydration reaction appeared quite unexpected.
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Figure 5.2: Comparison between the two copper coordinating cofactors included into
LmrR to perform the conjugated addition of water to ketones. On the top, the
unnatural amino acid Ala-2,2’-bipyridine (BpyA) boarded in this Chapter. On the
bottom, the covalently anchored phenanthroline (Phen) cofactor, exposed in Chapter
4.

Taking advantage of the previous study about the LmrR-Phen-Cu(Il) system,
we decided to follow a similar multiscale strategy which would help to elucidate the
main differences between this and the LmrR-BpyA-Cu(Il) artificial enzyme. Once
determined the key points affecting the efficiency of the BpyA based system, we
proposed a variety of mutants that may improve its quality regarding both conversion

and enantioselectivity.
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Summarizing, we wanted to use computation, first, to study and, then, to optimize
the LmrR-BpyA-Cu(Il) system based on the observations resulting from the study
of the LmrR-Phen-Cu(II) artificial enzyme. A similar multilevel strategy including
QM, Protein-ligand docking and MD simulations was followed to characterize and
optimize the second coordination sphere of the BpyA-Cu(Il) catalyst (Figure 5.3).

Briefly, this encompassed:

e The characterization of the activation of the water nucleophile mediated by an

aspartate residue (QM cluster model) (Figure 5.3 a).

e The analysis of the receptor-ligand assembly (Protein-ligand docking) and its

dynamical behaviour (MD simulations) (Figure 5.3 b).

e The rational re-design of the LmrR-BpyA-Cu(II) active site and the assessment
of the new variants (Protein-ligand docking and MD simulations) (Figure 5.3 c,

d).

e The experimental validation of selected candidates.
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Figure 5.3: The computational framework implemented for the characterization and
design of the BpyA based ArM.

5.1.2 Computational details
QM calculations

Both the optimization of the organometallic complex BpyA-Cu(II)-substrate and the
cluster model calculations were performed with Gaussian 09 program [264] at DFT
level using B3LYP-D3 functional. [200-202] The 6-31G(d,p) basis set [335-337] was
uswed for non-metallic atoms and SDD [338] including a f polarization function for

copper.
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The implicit Solvation Model based on Density (SMD) was used as continuum
method. [286] For those cluster models containing second coordination sphere amino
acids, an epsilon adequate to describe solvent accessible surfaces of proteins (¢=9)
was specified. [339]

A bi-coordinated geometry of the substrate to the copper cofactor was selected
since, according to previous work, this was considered the most appropriate to fit the
binding site.

In this case, the substrate 1a (labelled according to the experimental work), [95]
which corresponds to a «a,f-unsaturated 2-acyl pyridine with an isopropyl as R sub-
stituent (Figure 5.4) was used as this was the one for which the first generation of

the LmrR-BpyA-Cu(II) system showed the best performance.

Protein-ligand docking

Docking calculations were performed to assess the complementarity among the protein
host and the cofactor-substrate complex. As there was no available structural data
of the LmrR-BpyA-Cu(II) ArM, the X-ray structure of the LmrR bound to the drug
Daunomycin (PDB code: 3F8F) [370] was used as receptor. Daunomycin and water
molecules were removed from the model.

To link the BpyA-Cu(Il)-1a complex at position 89/89” of LmrR, M89/M89’
were mutated to A using the Dunbrack rotamer library [346] implemented in UCSF
Chimera program. [291] The covalent link was imposed between the 5 carbon of the
alanine and the respective carbon of the bipyridine ligand. To generate the homo-
dimer two successive docking runs were carried out: the first at position M89, and
the resulting structure was used to dock a second BpyA-Cu(Il)-1a complex at po-
sition M89” (BpyA-Cu(II)-1a’). The resulting system will be referred from now on
as LmrR_M89X (being X the BpyA-Cu(Il)-1a/BpyA-Cu(Il)-1a’ complexes) (Figure
5.4).
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Figure 5.4: Schematic representation of the covalent linkage of the BpyA-Cu(Il)-1a
complex at positions 89/89” of the LmrR protein.

To generate the LmrR variants M89X_D100E, M8IX _WI6E and M8IX _V15E,
these second mutations were performed using again the Drunback rotamer library.
[346] Then, dockings of the BpyA-Cu(II)-1a complex were successively performed as
for the initial model.

All docking runs were carried out using GOLD 5.2 (available through the Cam-
bridge Crystallographic Data Center (CCDC)) [236] and were evaluated with Chem-

Score [256] scoring function.

Molecular Dynamics simulations

The best structures resulting from docking were used as starting point to set up the
models for the all-atoms molecular dynamics (MD) simulations. The side chain con-
formations of residues 71 and 72 of chain A, not determined in the crystal structure,

were fixed by superposing the chain B. The terminal residues 117-126 of chain A and
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1-4, 116-126 of chain B were not considered and uncharged terminal residues proper
of the AMBER force field (NME and ACE) [208] were used to end the chains instead.

The MD simulations were set up with the xleap program. [208] The model systems
were plugged into a cubic box of around 37000 water molecules and a determined
number of chloride counterions (4 or 6) needed to neutralize the simulation cell.
For the protein and waters, AMBER [208] and TIP3P [347] force fields were used,
respectively. Chloride anions were modelled based on parameters from the ions94.lib
library. [208]

Standard approaches were used to generate parameters for the BpyA-Cu(II)-1a
complex: RESP charges [305] were calculated with antechamber. [311] The force-field
terms for the description of the metal center were calculated with the Seminario’s
method [302] and the remaining atoms were parameterized based on the GAFF force-
field [223] values.

The cutoff for the Van der Waals and short-range electrostatics interactions was
set to 10 A. The long-range electrostatic interactions were calculated via the Ewald
Particle Mesh method. [283] The SHAKE algorithm [348] was used to constrain bonds
engaging hydrogen atoms. The equation of motion was integrated with a Langevin
integrator [349,350] and using a time step of 1 fs. To get constant temperature and
pressure the system was coupled to a Monte Carlo barostat at 1.01325 bar. [351]

OpenMM 7.0 program [352] was used as engine to run the MD simulations. A
3000 steps energy minimization was initially performed to progressively allow accom-
modating the water molecules, side chains and the backbone; then, the temperature
was increased from 100 to 330 K to allow thermalization of water molecules and side
chains; after that, 100-150 ns (depending on the stability of the systems) of production
under NPT conditions were carried out and further analysed.

Molecular visualization and graphics were performed with the UCSF Chimera

program. [291]
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5.1.3 Modelling the first generation of the artificial enzyme
Assessment of the water nucleophile activation: a cluster model

Consistently with the previous study about the LmrR-Phen-Cu(II) system, a cluster
model composed of: 1) the BpyA-Cu(II) bound to the substrate la in a bidentate
fashion and with a square planar geometry, 2) six surrounding water molecules and 3)

a carboxylate moiety able to activate the water nucleophile was constructed (Figure

5.5).
-~
1 0
NG 3
: -l I
l W ' Aspartate
o (General base)

2-2"-Bipyridine-Cu(1l) complex
(Lewis acid)

Figure 5.5: Water nucleophile activation strategy for the enantioselective hydration
of alkenes into the LmrR protein. The 2,2’-bipyridine is the side chain of the BpyA
unnatural amino acid bound to positions 89 and 89’ at the LmrR scaffold.

QM calculations of the nucleophillic activation (T'Sy) revealed both the proper
arrangement and a low activation barrier (8.7 kcal/mol) for the addition of water
to the conjugated double bond of the ketone (Figure 5.6). Calculations with either
one or two bridging water molecules between the oxygen of the carboxylate and the
[ carbon of the attacked double bond suggest that the attack mediated by a direct
interaction between the aspartate and the nucleophillic water (wy) (Figure 5.6 a)
takes place with a barrier around 5 kcal/mol lower than if this activation occurs
through a bridging water molecule (wg) (Figure 5.6 b). Results also suggest that the
required distance between the carboxylate and the 3 carbon of the substrate lies into

a range of about 3.5 to 5.0 A. This data is in agreement with the results obtained for
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the Phen-Cu(II)-2b system in Chapter 4, which at the same time is consistent with

available structural data of hydratases with a bound substrate. [353-355]
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Figure 5.6: QM cluster model to assess the copper mediated hydration of ketones.
The model is composed by the substrate la, six explicit water molecules and an
environmental aspartate which acts as a Lewis acidic base; in a) the nucleophilic
water wy donates its HT directly to the aspartate, while in b) a bridging water wg
mediates the transference of the H" between wy and the base.

Full model of the LmrR-BpyA-Cu(II)-substrate triad: Protein-ligand

docking and MD simulations

Aiming to generate 3D models of the LmrR bound to the BpyA-Cu(II)-1a complex
(further referred to as LmrR_-M89X) the structure of the BpyA-Cu(II)-1a was opti-
mized via QM calculations. Next, covalent Protein-ligand docking was performed to
include it at the position 89 of each monomer of the LmrR scaffold.

These simulations suggest that, in contrast to the LmrR-Phen-Cu(II) system,
the LmrR-BpyA-Cu(Il) artificial enzyme is able to accommodate two substrates at
the same time at the dimer interface. This is reasonable since the tail connect-

ing the bipyridine to the a carbon of the backbone is four atoms shorter. This
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also implies worst interaction energies between the BpyA-la complex and the dimer
interface (33.76 ChemScore units) with respect to the LmrR-Phen-Cu(Il) system
(50.06 ChemScore units), as the former is not able to properly approach the center
of the hydrophobic cavity (Table B.1). Still, both BpyA-Cu(II)-1a/BpyA-Cu(Il)-1a’
complexes show good hydrophobic complementarity with surrounding hydrophobic
residues (Figure 5.7 a). Edging or w-stacking interactions between the aromatic rings
of both bipyridines and F93/F93’ are also observed. In addition, the pyridine of
both substrates appears making hydrophobic interactions with V15/V15’, while the
isopropyl groups are packed between the tryptophans W96/W96’. As for the LmrR-
Phen-Cu(II) system, residues D100/D100’ appear the only potential general bases in

the close surroundings of the substrates.

Figure 5.7: a) Docking of BpyA-Cu(Il)-1a/BpyA-Cu(II)-1a’ at position 89/89 of
LmrR. b) Residues selected for the introduction of the glutamate that serves as general
base. The models including mutations coloured in grey were not considered as they
resulted in non-reactive arrangements of the protein-cofactor-substrate assembly.

Taking as starting point the best docking solution, 100 ns MD simulation were
generated to explore the dynamical behavior of the new system. Its analysis revealed

the following features:

e Both BpyA-Cu(II)-1a complexes remain well stabilized at the dimer interface

mainly by hydrophobic interactions with F93/F93” and W96/W96". However,
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results reveal certain flexibility in such a way one of the cofactors is occasionally
displaced towards the entrance of the active site becoming more exposed to

solvent.

e The linker connecting the bipyridine to the backbone is not long enough for the
copper to coordinate the D100/D100’ residues (as was observed with the LmrR-
Phen-Cu(II) system). This also makes the BpyA-Cu-1a complexes to visit the
entrance of the cavity more frequently than Phen-Cu(II)-2b, which could be one
of the factors affecting the enantioselective capacity of the LmrR-BpyA-Cu(II)

system.

e The presence of the second coordination sphere is suggested to induce enantios-
electivity since the water accessibility to the prochiral faces of the substrate is

not equivalent (Figure B.1, first row).

e The distances between the oxygens of the D100/D100’ (the only candidates
to activate the water nucleophile) and the 5 carbon of the double bond of the
substrates are generally too large along the majority of the MD trajectory. How-
ever, pre-reactive configurations (those in which the catalytic water is properly
located and oriented with respect to the carboxylates and the double bond
of the substrate) involving D100/D100’ are found in about a 10% of the MD
frames (Table B.3, M89X). In addition, most of these configurations involve
the pro-R face of the substrate. All this suggests that the first generation of
the LmrR_M89X enzyme should have some catalytic activity and preferentially

form the R enantiomer.

5.1.4 Optimization stage via rational re-design

The observed changes on both the nature of interactions (displaced cofactors towards

the solvent) and the sub-optimal carboxylates-substrate distances seem to negatively
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affect the catalytic profile but also reveal a way for optimization. Thus, docking results
were further analysed to identify key amino acids that could be mutated based on
our structural criteria for an efficient hydration. This was focused on 1) stabilizing
the cofactor-substrate complex at the dimer interface for preventing solvent exposure
and /or 2) decreasing the distances between the substrates double bonds and a general
base (aspartate or glutamate). For that purpose, all the residues contained into a
sphere of 7 A from the substrates (considering previous docking to the WT LmrR
protein) were mutated to glutamate (Figure 5.7 and new rounds of Protein-ligand
docking of the BpyA-Cu(II)-1a in all of the resulting variants were performed.

Only D100E, V15E, W96E and F93E were found to improve the distances form
their terminal side chain atoms and the electrophilic carbon of the substrate 1la (Ta-
ble B.4). However, FO3E mutation was not considered due to the observed stabilizing
interactions between its aromatic ring and the cofactor-substrate complex. Best dock-
ing solutions on the mutated residues 8, 12, 92 and 95 to glutamate were characterized
by too long distances between the carboxylates and the double bond (Table B.4) and
thus, these were neither considered for further analysis.

Hence, best docking solutions for LmrR_M89X _D100E, LmrR_-M89X_WI6E and
LmrR_-M89X_V15E mutants were selected as starting points for 100 ns MD simula-
tions.

In case of LmrR_M89X _D100E system, the dynamical behaviour of the two cofac-
tor—substrate complexes is not equivalent during the simulation. Intuitively, it was
expected that mutagenesis of D100 to E may bring the general base closer to the
cofactor-substrate complex, resulting in improved activity. However, the MD simula-
tion suggests that such an improvement is not performed. BpyA—Cu(II)-1a explores
three different equally populated conformations, one of which features the substrate
outside the cavity. Pre-reactive conformations slightly favouring the pro-R face of

the double bond are found involving E100, E100” and E107 residues (Figure 6.4 b
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and Table B.2, M89X_D100E). For BpyA-Cu(II)-1a’ complex, two conformations are
observed along the time-scale of the simulation and a small set of pro-R pre-reactive
conformations are identified involving E100 residue (Table B.2, M89X_D100E). These
results suggest that LmrR_M89X_D100E mutant should perform reactivity and enan-
tiomeric tendencies similar to LmrR_M89X.

Along the MD simulation of LmrR_-M89X_W9I6E, both cofactor-substrate com-
plexes display a similar behaviour staying predominantly at the dimer interface (Fig-
ure 6.4 c). Interestingly, their orientation significantly varies with respect to the pre-
vious systems allowing different residues to approach the substrate double bond. This
results in a higher number of pre-reactive configurations involving more pro-S than
pro-R faces. E97 and E97’ are found to interact with both substrates and D100 and
D100’ appear also the main responsible in activating the water nucleophile (Figure 6.4
¢, B.2 and Table B.2, M89X_WOIGE). These data suggests that LmrR_-M89IX_W9IGE
mutant should display higher catalytic activity than the first generation system but
with opposite enantiomeric tendencies.

In the case of LmrR_-M89X _V15E, the BpyA—Cu(Il)-1a complex appears more
exposed to the solvent than BpyA—Cu(Il)-1a’. BpyA-Cu(II)-1a is generally disposed
perpendicular to the axis of LmrR. In this conformation, K15 is able to perform pre-
reactive configurations involving the pro-R face three times more often than the first
generation mutant (Table B.2, M89X and M89X_V15E). Additionally, fluctuations
of the cofactor substrate complex allow D100’ to also activate the water nucleophile
even more frequently than E15 (Figure 6.4 d, Table B.2, M89X_V15E). On the other
hand, BpyA—Cu(II)-1a’ maintains only one conformation along the simulation due to
the interaction between E15" and the metal center (Figure 6.4 ). In this stabilizing
configuration it is also able to approach the pro-R face of the substrate, suggesting

a double role for E15”: stabilization of the complex inside the cavity and activation
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of the water nucleophile in a pro-R fashion. These results suggest that this mutant

should display higher activity and same enantiomeric tendency than LmrR_M89X.

MB89X MB89X_W96E

BpyA-Cu(ll)-1a ﬁ -

Figure 5.8: Representative pre-reactive conformations from 100 ns molecular dynam-
ics simulations of a) LmrR_M89X, b) LmrR_-M89X_D100E, ¢) LmrR_M89IX_WI6E
and d-f) LmrR_-M89X_V15E. These configurations are found in 10% of the simulation
for LmrR_M89X, 10% for LmrR_M89X_D100E, 91% for LmrR_M89X_W9IGE and 31%
for LmrR_-M89X_V15E (Table B.2)

5.1.5 Experimental validation

The activity of the three designed enzymes was tested to yield the corresponding
B-hydroxy ketone product 2a (Table 5.1). Experimental results demonstrate that the
three systems gave rise to an increase of the conversion of substrate 1a.

The mutant LmrR_M89X _V15E is the most interesting case, which displays an
expected increase in both conversion and enantioselectivity (Table 5.1, entry 7). In

the case of LmrR_M89X _D100E, experimental results support computational predic-
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tions about the inefficiency of this mutation since only slightly better activity is found
and the enantioselectivity decreases with respect to the first generation system. As
expected for the LmrR_M89X_WOI6E mutant, it provides the highest increase in con-
version accompanied with a decrease on entioselectivity (Table 5.1, entry 9). However,
the enantiomeric preference was the opposite with respect to LmrR_M89X, which con-
tradicts computational predictions. The fact that this mutant experimentally gives
rise near racemic product should be due to the high contribution of different native
residues to catalysis (via computation were observed 12 residues able to constitute
pre-reactive configurations), which makes the computational prediction more difficult.
Additionally, it should be considered that obtaining near racemic product means that
this mutant presents stronger preference for the formation of the opposite enantiomer
than the other variants.

The relevance of properly placing the general base with respect to the Cu(II)
and the substrate double bond was confirmed by additional mutagenesis introducing
glutamate to glutamine, an amino acid similar in size but lacking the negative charge.
The LmrR_-M89_D100Q and LmrR_-M89X_V15Q mutants display similar activity and
experience a significant decrease of both activity and enantioselectivity, evidencing
the role of the glutamate for the selective placement of the water nucleophile in a
prochiral face of the substrate. In contrast, the activity of the LmrR_-M89X_W96Q
mutant is similar to the W96E system, supporting the computational observations

about the high amount of residues able to perform pre-reactive configurations.

5.1.6 Conclusions

We designed a new artificial metallohydratase enzyme containing an UAA (BpyA)
able to catalyse a chemically challenging reaction: the selective conjugate addition of
water to alkenes. Its design has been based on combining intuition and both structural

(the generation of a stable metal binding site) and (bio)chemical (the mechanism of
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Table 5.1: Experimental results of the enantioselective hydration reaction performed
by the LmrR_M89X and its variants. [95]

¢ =
| catalyst R.. P
R % NP N a: R = i-propyl
20 mM MOPS OH O bR =routy
0 250 mM NaCl, pH 7.0 c: R = n-pentyl
d: R = cyclohexyl
1a-d 2a-d
Entry Catalyst Substrate Product Conversion (%) ee (%)
1 — 1a 2a 113 —
2 Cu(NO;), 1a 2a 8349 —
3 LmrR_M89X (no Cufu)) la 2a 9+3 —
4 LmrR_M89X_Cufu) 1a 2a 39.+:7 42+ 6
5 LmrR_M89X_D100E_Cu(u) 1a 2a 50+6 30+1
6 LmrR_M89X_D100Q_Cu(n) 1a 2a 35+3 <5
7 LmrR_M89X V15E_Cu(n) 1a 2a 75+9 64 +2
8 LmrR_M89X V15Q Cu(u) 1a 2a 28 +5 15+3
9 LmrR_M89X_W9I6E_Cu(n) 1a 2a 79+ 3 64
10 LmrR_M89X_W96Q_Cu(u) 1a 2a 64+1 6+1
Substrate scope”
11 Cu(NO;), 1b 2b 86+ 4 —
12 LmrR_M89X_Cul(u) 1b 2b 37x2 41 + 4
13 LmrR_M89X V15E _Cu(u) 1b 2b 64+ 8 50 +2
14 CU{NO3}3 1c 2c 26 + 4 T
15 LmrR_M89X_Cu(n) 1c 2¢ 2444 19+5
16 LmrR_M89X_V15E_Cu(u) 1c 2¢ 58+5 14+1
17 Cu(NO;); 1d 2d 37+12 —
18 LmrR_M89X_Cu(n) 1d 2d 17 + 4 22 +2
19 LmrR_M89X_V15E_Cu(u) 1d 2d 45 £5 57+3

@ Standard conditions: 9 mol% Cu(H,0)s(NO;), (90 pM) loading with 1.25 eq. LmrR_X (in monomer) in 20 mM MOPS buffer (pH 7.0), 250 mM Nacl,
for 3 days at 4 “C. All data are the average of 2 independent experiments, each carried out in duplicate. Errors are reported as standard deviation.
# Conditions the same as in the experiments with 1a.

the reaction) knowledge on natural and artificial enzymes with in silico modelling
protocols.

Starting from a set of empirical conditions, an initial hypothesis was gained by
combining QM, docking and MD simulations for the modelling of the LmrR_M89X
template. Next, in silico analysis drove the optimization of the second coordination
sphere of the metal for the adequate placement of a general base at the designed
active site. The positions proposed were never considered before on the previous em-
pirical design, [79] evidencing the relevance of using in silico approaches especially

when lacking structural information of the artificial enzyme. The study of the new
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variants through the combination of docking and MD simulation approaches allowed:
1) qualitative predictions about the activity and enantiomeric tendencies of the reac-
tion, the last based on comparisons of the prevalence of pro-S or pro-R pre-reactive
conformations for the different mutants; and 2) suggesting interactions that were not
previously anticipated, such as the one between the Cu(Il) ion and the introduced
glutamate residues in the mutant LmrR_M89X_V15E.

Results demonstrated that computation is able to provide suitable models of the
LmrR system that, in general, were in good agreement with the experimental catalytic
results. This supports other works in which computation resulted a powerful tool
for the optimization of new ArMs and to elucidate their catalytic mechanisms. [79,
323, 370-372] Experimental verification demonstrated that the combination of QM,
Protein-ligand docking and MD simulations is an adequate approach for the design
and optimization of artificial metalloenzymes. These are the first set of in silico
rational designed enantioselective artificial metalloenzymes based on a catalytic UAA

so far.

5.2 Computational de nowvo design of artificial

metallopeptides

5.2.1 An overview

Predicting the folding of small proteins and peptides has become one of the bigest
challenges in structural biology and protein design fields. Their study has gained rel-
evance since the discovery of active peptides involved in relevant biological processes
and neurodegenerative diseases, [373] which has converted them in excellent targets
for therapeutic applications. [374] Designing peptides for therapeutic purposes re-

quires achieving structures of high stability, diverse functionality and favorable phar-
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macokinetic properties. In this context, macrocyclic peptides [375-378] and the so
called hyper stable constrained peptides [24] appear as a promising starting point for
designing new functions.

Incorporating metal moieties at biological scaffolds leading to metallopeptides
has been of great relevance for elucidaing how they fold and/or unfold, aggregate
[379] or interact with other biological structures. [380] Probably, the most relevant
studies in recent years involving metallopeptides are related with the role of metal
ions in the generation of amyloid fibrils in Alzheimer disease. [379,381-384] They have
been also successfully applied to the study of protein-protein interaction processes of
different nature [385] and to asymmetric catalysis. [386] More specifically, important
reactions such as the enantioselective oxidation of indoles [387] and the asymmetric
sulfonylation, [388] between others, [386] have been approached.

Many efforts have been dedicated to re-engineer naturally occurring peptides (es-
pecially stable constrained peptides) based on loop grafting, selection and sequence
randomization techniques to generate new bioactive molecules. [389] Despite being
powerful, these approaches are limited by the small amount of these naturally occur-
ring structures. Furthermore, the challenging control on the size and shape of the
new molecules makes it difficult to find global complementarity with their targets.
In this context, the use of computational approaches to drive the design of stable
structures appears as a promising challenge that may allow gaining control on the
structural behavior of the new constructs. G. Bhardwaj and coworkers have been
recently demonstrated the power of computation for the de novo design of new pep-
tides based on generating initial robust scaffolds followed by experimental selection
approaches. [24] In this context, Rossetta [26,27] program gains relevance due to its
successful contribution to predict active scaffolds from scratch. The use of stabiliz-
ing moieties such as N-C cyclized backbones, disulfide constrains and non-canonical

side chains appear promissing for achieving new accurate designs. [390] Among the
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reported successful metallopeptides driven by computation, their design have been
based mainly on including multiple metal binding sites, generating complex tertiary
structures and the assembly of polypeptide blocks. [391-397] Despite the impact of
these studies, the link between the structure and the catalytic functions continue in its
infancy and any contribution to identify structural keys to get stable and functional
tinny scaffolds is welcome.

Here, we have taken advantage of the chemical and structural knowledge acquired
along the previous studies included in this thesis, and present a set of de novo designed
peptides driven by in silico approaches to perform the asymmetric conjugate addition
of water to ketones. Regarding the different stages for the de novo design of ArMs
exposed in Chapter 1, we referred to the discovery stage as the part of the design
dedicated to find new enzyme-cofactor partners with a new functionality; and to
the optimization stage as the required modifications for the new ArMs to become
efficient catalysts for our certain purposes. This, applied to the de novo design of

artificial metallopeptides (Figure 5.9), will include:

e Selecting highly stable peptides that may be able to bear the inclusion of the
non-canonical amino acid Ala-2,2’-bipyridine (BpyA) into their backbone and
their structural characterization (Discovery stage, via Protein-ligand docking

and MD simulations).

e Optimizing the identified stable complexes via rational re-design to enhance
their catalytic activity and/or enantioselectivity for the conjugate addition of

water to ketones (Optimization stage, MD simulations).
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Figure 5.9: Initial stage for the de novo design of an artificial metallopeptide contain-
ing the UUA BpyA for the enantioselective hydration of ketones.

Successful designs will be synthesized by Vazquez’s group at the University of
Santiago de Compostela and catalytically tested by Roelfes and coworkers at the

University of Groningen.

5.2.2 Computational details
Quantum calculations

The BpyA-Cu(Il)-2b (substrate substituent R=t-butyl) complex was selected as
model system (Figure 5.10), again in a bi-coordinated configuration. It was optimized
with Gaussian 09 program [264] at DFT level using B3LYP-D3 functional. [200-202]
The 6-31G(d,p) basis set was used [335-337] for non-metallic atoms and SDD [338]
including a f polarization function for the 19 outer electrons of copper (the 10 inner
core electrones are described by the SDD effective core potential (ECP)). The implicit

Solvation Model based on Density (SMD) was used as continuum method. [286]
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Figure 5.10: The copper bound non-canonical aminoacid Ala-2,2’-bipyridine (BpyA)
coordinating the substrate 2b (R=t-butyl) used in this work to model the artificial
metallopeptides.

Protein-ligand docking

Protein-ligand docking was performed to introduce the optimized BpyA-Cu(II)-2b
complex into different positions of each peptide generating a large variety of initial
models. For that purpose, all these points were first mutated to A using the Dunbrack
rotamer library [346] of the Chimera program [291] and then the BpyA-Cu(II)-2b
complex was covalently linked at the selected points by overlapping the [ carbon of
the alanine with the corresponding carbon at the BpyA cofactor. The flexibility of
the side chains of residues close to the linking point was considered to improve the

adaptability of the peptidic scaffold to the BpyA-Cu(II)-2b complex.

Molecular Dynamics

The viability of the generated structures was assessed by submitting the best dock-
ing solutions to 100-500 ns MD simulation under the same conditions explained in
previous section. In this case, the PBC were set up with a water box of 15 A dis-
tance from the peptides to the edge of the box and the corresponding counterions (a
variable number depending on the nature of each peptide) where used to neutralize
the simulation cell. Those candidates that appeared stable were iteratively optimized

and further submitted to new rounds of MD simulations up to 1-2 us.
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5.2.3 Results

De novo design: the discovery stage

The first challenge to overcome at the initial stage of the designing process was to
find suitable scaffolds to set up the starting point structures. Additionally, this was
hampered by the specific requirements by the experimental group responsible for
synthesizing the suggested peptides, which imposed initial restrictions on the nature

of the designs. Initial structures should be:

Highly stable to support the inclusion of the BpyA-Cu(II) cofactor without

suffering denaturation.

e Rich on amino acids that could stabilize the BpyA-Cu(II)-2b complex, via either
hydrophobic or polar interactions. Although stable peptides are then subjected
to optimization, a big amount of changes in this stage should be avoided to

guarantee the stability of the selected scaffolds.
e Small enough to achieve self-assembly (less than 30 amino acids).

e Disulphide bridges free, aiming to prevent crosslinking problems which could
lead to unpredicted structures. Considering that S=S bonds are of the most
powerful stabilizing motifs into proteins, this meant the main limitation of the

designing process.

Based on these assumptions, a search of small and stable peptidic structures was
performed into the Protein Data Bank (PDB). [28] The criterion for peptides selection
was based on 1) their size, 2) their intrinsic nature regarding stability (5-sheets, cyclic
backbone) and 3) the presence of specific amino acids that may be beneficial either
for stabilizing the BpyA-Cu(II)-2b complex or for catalysis (D, E, W, Y or/and F).
In fact, big and aromatic residues not only would provide stability but also could be

hot spots to include the BpyA unnatural amino acid without promoting significant
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distortion on the scaffold configuration. Taking all this into account, two different

types of peptides were found as good candidates:

e The so called WW domains: considered the smallest natural motifs that are
stable without containing disulfide bonds, they are small -sheets found to
be involved in natural protein-protein/protein-DNA recognition and protein
signaling processes. [398,399| Interestingly, they have been successfully used for
constructing new stable peptide variants [398,399] and for the study of protein-
target recognition processes. [400] Additionally, they contain conserved W-W or
W-Y hydrophobic regions which, combined with their stable geometry, makes
them potential candidates to support the inclusion of the BpyA cofactor without

damaging the structure.

e Small cyclic peptides: Alongside with the disulfide-crosslinked peptides, they
are considered between the most stable structures to thermal and chemical
denaturation. [24] The cyclic backbone imposes structural restraints that make
the peptide to be less flexible, which could be beneficial to gain control on the
stability of the structure after accommodating the cofactor. Additionally, these
structural restraints could also facilitate managing the nature of the second

coordination sphere at the optimization stage.

A set of six scaffolds was selected as starting point? (Figure 5.11): the WW
domains 1zr7, [401] 2kbl, [402] 2m9e [403] and 2mwd; [404] the cyclized 2otq; [405]
and the peptide 1eOn, [399] which is not related to the formers (neither WW domains
nor cyclic) but share interesting structural features such as §-sheets and well-defined
hydrophobic areas. Table 5.2 contains a brief description of the main structural

properties of the selected peptides.

2The names of the peptides correspond with their PDB codes
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Figure 5.11: Illustration of the selected candidates from the PDB for the inclusion of
the unnatural amino acid BpyA-Cu(II). Displayed residues correspond with the points
where the BpyA-Cu(II) was included (brown), points with possible contribution to
stability or catalysis (white) and points mutated along the optimization stage (blue).
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Table 5.2: Structural properties of the peptides selected from the PDB. Consistently
with Figure 5.11, labels correspond with mutated positions at the optimization stage
(blue) and with points in which the BpyA-Cu(II)-substrate complex was included
(brown).

Entry PDB code Type Size Sequence
WW domain
GSWTEHKSPDGRTYYY
1 1zr7 (Y23-W34) 30
NTETKQSTWEKPDD
(Y24-W12)
WWdomain GSGYIPRAPRDGQAYV
2 2kbl 29
(Y13-W20) RKDGEWVLLSTFL
WW domain
KLPPGWEKRMFANGTV
3 2m9e (F11-F19-F28-Y17) | 33
YFNHITNASQFERPSG
(Y18-W6)
WWdomain
SEWTERKTADGK
4 2mwd (W457-Y446-Y448) | 27
NNRTLESTWEKP
(Y447-W435)
PGWEIITHENGRPLY YN
5 1leOn [-sheet 26
AEQKTKLHYPP
6 2otq cyclized 6 RRWFEFWR,

After selecting the initial candidates, Ligand-protein docking was performed to
include the optimized BpyA-Cu(Il)-2b complex into a variety of positions of each
peptide (Figure 5.11 and Table 5.2, labelled in brown). Thus, the six initial scaffolds
leaded to the generation of twelve different variants (Table 5.3, see ”Starting point”
column).

From this stage on, the procedure varied depending on the specific nature of each
system. In general, first, the stability of all the peptide-cofactor-substrate triads was

assessed via 100-500 ns of MD simulations. After this time, those which underwent
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denaturation were discarded and the stable ones were submitted to optimization as

summarized in Figure 5.12.

Selection of suitable scaffolds BpyA-Cu(Il)-substrate complex
(Protein Data Bank) (QM calculations)

| Protein-ligand docking |

l

Initial designs

Final designs
8 MD simulations

100-500 ns
1-2 us
MD simulations

Optimization

s e

Are they stable?
Are they enantioselective?

Figure 5.12: Description of the workflow implemented for the discovery and optimiza-
tion of the BpyA-Cu(Il) based artificial metallopeptides.

De novo design: the optimization stage

The estable peptide-BpyA-Cu(II)-2b candidates were subjected to optimization cy-

cles aiming to confer them catalytic efficiency. These were based on:

e Generating stabilizing interactions with the BpyA-Cu(II)-2b complex. Either
by promoting hydrophobic interactions with the BpyA-Cu(I1)-2b complex (W
or F) or placing coordinating residues close to the metal center to stabilize the
orientation of the cofactor (E or G). Ensuring the orientation of the substrate

together with an asymmetric environment results key for enantioselectivity.

e Enhancing catalysis by placing D or E residues as closer as possible to the

substrate double bond.
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Optimized structures were subjected to new rounds of MD simulation and, again,
denatured variants were discarded. This iterative procedure of optimization plus MD
simulation was elongated up to 1-2 us until stable and catalytically promising variants
were found. Table 5.3 includes all the tested peptides and the resulting candidates

after the optimization stage.
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Table 5.3: Peptide variants tested and selected for experimental validation.

Entry

PDB

code

Starting

point

Tested

variants

Sel

Sequence

Final

candidates

1zr7

W23BpyA

S32D

GSWTEHKSPDGRTXYY
NTETKQDTWEKPDD

1A

S32D_H15N

GSWTENKSPDGRTXYY
NTETKQDTWEKPDD

1B

S32D_H15W

GSWTEWKSPDGRTXYY
NTETKQDTWEKPDD

P18D

GSWTEHKSDDGRTXYY
NTETKQSTWEKPDD

Y24BpyA

GSWTEHKSPDGRTYXY
NTETKQSTWEKPDD

2kbl

P7BpyA

GSGYIPRAXRDGQAYV
RKDGEWVLLSTFL

A6BpyA

GSGYIPRXPRDGQAYV
RKDGEWVLLSTFL

2m9e

Y17BpyA

KLPPGWEKRMFANGTV
XYFNHITNASQFERPSG

W6BpyA

KLPPGXEKRMFANGTVYY
FNHITNASQFERPSG

2mwd

Y446Bpy A

S455D

SEWTERKTADGKTXYY
NNRTLEDTWEKP

Y447BpyA

SEWTERKTADGKTYXY
NNRTLESTWEKP

4A

Y448BpyA

SEWTERKTADGKTYXY
NNRTLESTWEKP

4B

leOn

Y21BpyA

I6W

PGWEIWHENGRPLYXN
AEQKTKLHYPP

5A

I6W_K20D

PGWEIWHENGRPLYXN
AEQDTKLHYPP

5B

I6W_K20D_E8N

PGWEIWHNNGRPLYXN
AEQDTKLHYPP

I6W_K20D_A171

PGWEIWHENGRPLYXN
IEQDTKLHYPP

5C

WO9BpyA

PGXEIIHENGRPLYYN
AEQKTKLHYPP

2otq

R2BpyA

R1F_F4D

FXWDWR

6A
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The selected candidates

The results point to variants 1A, 1B, 4A, 4B, 5B and 6A as the most promising
candidates regarding stability and catalytic distances between the substrate double
bond and a negatively charged residue. 5A and 5C variants show less stability than
the formers and are expected to be less efficient. Still, all of them will be synthesized
and tested experimentally to check the veracity of the computational models.

1zr7 based peptides 1A and 1B result the most promising to catalyse the hydra-
tion reaction (Figure 5.13). They show high stability during 1 us MD simulation with
no significant rearrangement from the original configuration after the inclusion of the
BpyA-Cu(II)-2b complex (Figure 5.13, RMSD).

For both variants, the S32D residue stabilizes the cofactor by coordinating the
metal center. At the same time, it maintains proper distances (around 5 A) with the
substrate double bond (Figure 5.13, distance graphs). In both cases, it is expected to
boost the water nucleophilic activation to generate the S enantiomer. This configura-
tion confers a double role to the aspartate residue: on one hand, increasing stability
of the BpyA-Cu(II)-2b orientation and, on the other hand, boosting catalysis. In
previous studies of this thesis, this arrangement has been related with systems with
improved catalytic efficiency, regarding both conversion and enantioselectivity (See
LmrR-Phen-Cu(II) in Chapter 4, and LmrR-BpyA-Cu(II)_V15E in the previous sec-
tion of this Chapter). Additionally, the residue W12 is suggested to also contribute
to the stabilization of the cofactor-substrate complex. It appears interacting via -
stacking with the aromatic ring of the substrate during all the MD simulation time
scale.

The difference between the two variants is the position H15, which is mutated to N
in 2b. This mutation aims at avoiding possible competition with S32D to coordinate
the metal center. The polar residue N was selected instead to replace the histidine
with minimum electrostatic alteration.
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Figure 5.13: 1000 ns MD simulation results for the 1zr7 peptide variants 1A and 1B.
In brown are labelled the positions in which the UAA BpyA-Cu(II)-substrate complex
is included and in blue the residues that have been mutated during the optimization
stage.

For the variants based on the 2mwd peptide 4A and 4B (Figure 5.14), the residue
E454 is suggested to perform the water nucleophile activation. The distances between
its oxygens and the substrate double bond are consistent with catalysis (about 5 A).
However, for both 4A and 4B the substrate does not appear packed enough, so it
may acquire different orientations with respect to the copper catalyst. Thus, for these
variants it is not possible to perform an estimation of the enantioselective tendency.
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Still, hydrophobic interactions seem to play a crucial role stabilizing the Bpy A-Cu(II)-
substrate complex. For variant 4A, W435 residue appears performing m-stacking with
the bipyridine. However, this interaction seems not to be very stable and significant
fluctuations of BpyA-Cu(II)-2b are observed (Figure 5.14, RMSD 4A). Regarding
variant 4B, the cofactor-substrate complex appears sandwiched between R438 and
L453 residues, which maintain the complex better stabilized with respect to variant
4A (Figure 5.14, RMSD 4B). Summarizing, some catalytic activity is expected for
both variants 4A and 4B, with higher conversion levels related to 4b. No clear

enantioselective tendencies are observed.
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Figure 5.14: 1000 ns MD simulation results for the 2mwd peptide variants 4A and
4B. The positions in which the UAA BpyA-Cu(II)-substrate complex is included are
labelled in brown.

For the 1eOn peptide, the variant 5B results the most promising (Figure 5.15).
K26D is found at catalytic distances (around 5 A) with respect to the substrate double
bond during 1.5 ps MD simulation (Figure 5.15, top). Even fluctuations in the global
configuration of the peptide are found in the last 400 ns of simulation (Figure 5.15,
RMSD), these interactions are still observed. Additionally, residue 112W seems to

have an important role in stabilizing the cofactor-substrate complex next to K26D.
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In this case, K26D is expected to approach the double bond for the generation of the

S enantiomer.

2otq 6A

Distance (A)

0

1000 ns

Figure 5.15: 1500 ns MD simulation results for the 1eOn peptide variant 5B. Displayed
residues correspond with the position at which the UAA BpyA-Cu(Il)-substrate com-
plex is included (brown) and with points mutated during the optimization stage
(blue).

Last, the 20tq variant 6A is also between the most promising candidates (Figure
5.16). The BpyA-Cu(II)-2b complex change its placement at the very beginning of
the MD simulation. In this new configuration, it becomes stabilized by the back-
bone carbonyl group of the residue R6, which coordinates the metal center. This
arrangement, which is maintained along all the simulation time scale, leads to dis-
tances between the residue R1D and the substrate double bond of less than 5 A
(Figure 5.16, top). Regarding enantioselectivity, the substrate is not packed enough
and opposite orientations with respect to the copper catalyst could be acquired. This
would lead to a low or absent ee levels. Among the selected candidates, this peptide

is expected to be the most efficient for the hydration reaction regarding conversion.
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Figure 5.16: 1000 ns MD simulation results for the 2otq peptide variant 6 A. In brown
is labelled the position in which the UAA BpyA-Cu(II)-substrate complex is included
and in blue the residues that have been mutated during the optimization stage.

5.2.4 Conclusions and future perspectives

The modelling of artificial metallopeptides has been one of the most challenging pro-
cedures to overcome during this work. Starting from scratch, different peptides has
been selected from the Protein Data Bank and re-designed to provide a proper envi-
ronment for the unnatural aminoacid BpyA to perform the enantioselective hydration
of ketones. The most promising peptides result those constituted by WW domains or
with a cyclic backbone. A computational framework which combines Protein-ligand
docking, Molecular Dynamics and iterative rounds of optimization has been success-
fully implemented to suggest a variety of peptides, from which at least four (1A,
1B, 4B and 6A) are expected to be highly efficient. Hoping the designs are verified
by upcoming experimental work (Vazquez’s group for peptide synthesis and Roelfes’s
group for testing catalytic activity), these would be the first set of in silico designed
artificial metallopeptides including a non-canonical amino acid able to perform the

enantioselective conjugated addition of water to ketones.
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Combining WW domains with metal chelating non-canonical amino acids appears
as a promising approach for the design of new enantioselective systems and opens
the door to its use for a different set of reactions mediated by copper for which

enantioselective profiles are desired.
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Chapter 6

Functional characterization of the
active site dynamics in heme

binding proteins

How protein dynamics modulate enzyme catalysis is currently one of the most active
fields in enzymological research. A large variety of recent works relating the role of
active site dynamics with the catalytic activity of proteins exists. [406-409] During
the last years, there is a growing recognition that the X-ray structures do not provide
with enough information to understand catalysis, which frequently requires global
and /or local rearrangements of the scaffold. In many cases, elucidating this dynamical
behaviour appears essential to understand catalytic properties such as selectivity
and /or ligand specificity. [407,410-412] Interestingly, many of these studies are driven
by a computational input, in which MD simulations appear as a central element to
assist the understanding of the interplay between protein conformation and function.
[408-411,413-415]

One of the weakness on enzyme design field lies precisely in underestimating (or the

difficulty to estimate) the intrinsic dynamics of proteins, which nowadays is deemed
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key for enzyme catalysis. [416-420] The poor consideration of protein dynamics in
enzyme design is probably one of the bottleneck that makes the catalytic efficiency
of new designs to be frequently many orders of magnitude lower than the one found
in naturally occurring enzymes. [118-120]

The work comprised in next sections involves active site dynamics as key point to
understand how either artificial or naturally occurring heme enzymes rearrange their
structure to approach pre-catalytic states. First, an artificial heme enzyme, based
again on the LmrR protein, developed by Roelfes and coworkers will be presented, as
well as the multiscale strategy followed to elucidate the dynamical behaviour of the
scaffold to approach pre-catalytic states. Second, two examples of naturally occurring
heme enzymes, the latex cleavage protein (LCP) and the hemophore HasA, will be
assessed to provide more light about the possible biochemical processes being key to

drive active site dynamics and regulate both heme binding and/or catalysis.

6.1 An artificial heme enzyme for enantioselective

cyclopropanation reactions

6.1.1 An overview

Engineered heme proteins have emerged as one of the most potential catalysts in the
last years. [421,422] Their versatility to catalyze new-to-Nature reactions including
cyclopropanation, [423-427] olefination, [428,429] N-H, [430,431] Si-H [432] and B-H
insertion [433] reactions, has converted them in principal targets for enzyme design.
This includes from the optimization of naturally occurring enzymes [434-440] to the
de novo design of artificial heme proteins based on 4-helix bundles or antibodies,

between others. [87,172,392,441-443)|
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As showed in previous Chapters, the LmrR protein owns a flat hydrophobic pore at
the dimer interface that allows the accommodation of planar organometallic moieties.
Roelfes and coworkers again used the LmrR protein as scaffold to incorporate the heme
group via self-assembly. [171] The new artificial heme enzyme was able to catalyse

the enantioselective cyclopropanation reaction (Figure 6.1).

HO (&}

Figure 6.1: lustration of the artificial heme enzyme designed by Roelfes and cowork-
ers for the enantioselective cyclopropanation reaction. The heme group appears sand-
wiched between the residues W96/W96’ at the center of the LmrR interdimeric region.

However, the solved 3D structure of the LmrR-heme enzyme (PDB code: 6UUF)
shows a non-catalytic binding of the heme group at the dimer interface. In contrast
to naturally occurring heme enzymes, which own a big hydrophobic cavity for accom-
modating the substrates, in the LmrR-heme system both axial faces of the porphyrin
appear blocked by the indoles of both W96/W96’ (Figure C.1). This configuration

suggests no free space for the substrates to access the metal center and, thus, evi-
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dences the necessity of the artificial system to experience structural rearrangements
and acquire catalytic activity.

LmrR is known to be a quite flexible protein as this is key to carry out its biolog-
ical function. [370,444] This feature has been supported previously in this thesis, in
which LmrR variants have experienced different rearrangements in response to mu-
tations and to the inclusion of different cofactor-substrate partners. Based on this,
we hypothesize that the dynamical behaviour of the LmrR-heme system could lead
to "open” states that allow the incorporation of the different substrates.

A computational multiscale strategy which combines QM calculations, Protein-
ligand docking and large scale MD simulations has been performed to study the ability
of LmrR-heme artificial enzyme to accommodate different heme-substrate complexes.
This encompasses, first, the identification of key structural features at the LmrR
active site that allow the substrates to access to the metal center and, second, the
analysis of the active site dynamics to identify the structural rearrangements that

allow the accommodation of pre-catalytic structures at the dimer interface.

6.1.2 The experimental input

As a result of the cyclopropanation reaction of different styrene derivatives catalysed
by the LmrRCheme system (Figure 6.1), the trans isomer IR,2R (trans/cis = 92:8)
was obtained as major product with a 25% yield and an ee of 17% (Table C.1).

To further asses the role of the protein scaffold and trigger optimization, a va-
riety of mutations were performed in the residues located at and around the active
site. Residues W96, F93, V15, M8 and D100 were mutated to A and further tested.
Excepting V15A and W96A, all variants showed an enhanced catalytic activity, com-
parable or greater than the one provided by the LmrR itself. For LmrR_-W96A, a
complete loss of ee was found. This was attributed to a LmrR_W96A-hemin interac-

tion that could be away from the hydrophobic cavity, resulting in catalytically active
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assemblies but without defined chiral interactions to induce enantioselectivity. For
mutants D100A and M8A, a notable increase in activity was found with the latter
also providing the highest ee (51%).

Due to the impossibility to rationalize the experimental observations based on the
X-ray structure, which shows a non-catalytic assembly of the heme into the protein
cavity, computational studies were performed to gain more insight about the origin

of the catalytic activity found in the LmrRCheme system.

6.1.3 Computational details
Quantum calculations

The heme complexes used to study the dynamical behaviour of the LmrRCheme
ArM were: 1) heme (5), 2) heme-carbene (6) and 3) the transition state of the
cyclopropanation reaction to approach the 1R,2R product (7) (Figure 6.2). These
were obtained via QM calculations with the Gaussian 09 program [264] at DFT level
using B3LYP-D3 functional. [200-202] The 6-31g(d,p) basis set [335-337] was used
for non-metallic atoms and the SDD [338] including a f polarization function was
used for the iron. The singlet state was considered for the metal center.

The implicit Solvation Model based on Density (SMD) was used, [286] considering

an epsilon adequate to describe solvent accessible surfaces of proteins (¢=9). [339]

Protein-ligand docking

The crystal structure of LmrR protein bound to the heme group (PDB code: 6FUU)
was used as model system to dock the different complexes 5, 6 and 7. Crystallographic
water molecules were removed from the model. Side chain flexibility was considered

for those residues pointing towards the hydrophobic cavity using the Dunbrack ro-

tamer library. [346,358] All docking runs were performed with GOLD 5.2 (available
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through the Cambridge Crystallographic Data Center (CCDC)), and evaluated with

ChemScore [256] scoring function.

Molecular Dynamics

The best scored docking solutions were used as starting point models for all-atoms
molecular dynamics (MD) simulations. The loops composed by the residues 70-73
in both chains A and B, not determined in the X-ray experiment, were constructed
by superimposition with previous models. Terminal residues 1-4 and 108 of chains A
and B, that were not solved neither, were discarded and uncharged terminal motifs
NME and ACE (as implemented in AMBER force field) [208] were used to end the
chain terminals. H86, solvent exposed, was considered protonated at the ¢ position.
Models were set up with the xleap program. [208] Each system was embedded into
a cubic box including about 37000 water molecules and 4 sodium ions to neutralize
the simulation cell. The AMBER [208] and TIP3P [347] force fields were used for
protein and water, respectively. For sodium ions, parameters from ions94.lib library
were used.

Parameters for the LmrR bound to 5, 6 and 7 were developed. Point charges
were calculated with antechamber [445] based on the RESP procedure. [305] Bonded
terms at the Fe center were calculated according to Seminario’s method based on
second-derivatives. [302] The GAFF force field [223] was adopted for the remaining
atoms.

A cutoff of 10 A was used for short range electrostatics and Van der Waals in-
teractions. Long range electrostatic interactions were calculated with the Particle
Mesh Ewald method. [283] Bonds involving hydrogen atoms were constrained using
the SHAKE algorithm. [348] A time step of 1 fs was used to integrate the equation
of motion with a Langevin integrator. [349,350] The standard protocol followed to

perform the MD simulation was the same as the used in previous works of the the-
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sis: constant temperature and pressure were achieved by coupling the systems to a
Monte Carlo barostat at 1.01325 bar. [351] Model systems were initially energy min-
imized (3000 steps) progressively, allowing water molecules, side-chain and backbone
atoms to move; then, thermalization of water molecules and side chains was achieved
by increasing the temperature from 100 K up to 300 K; finally, 100 ns MD simula-
tions under NPT conditions were performed and further analysed. Simulations were
performed with OpenMM 7.0. [352] and molecular visualization and graphics were

performed with the UCSF Chimera program. [291]

6.1.4 Results

We first performed a purely QM study of the cyclopropanation reaction in the ab-
sence of the protein to get distinct intermediates (the heme alone, labelled as 5 and
its adduct with the carbene intermediate, labelled as 6) and the TS structure that
leads to the generation of the 1R,2R cyclopropane (the predominant product found

experimentally, labelled as 7) (Figure 6.2 and 6.3).
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Figure 6.2: Structures resulting from QM calculations and used as ligand for Protein-
Ligand Docking. The heme group alone (5), its adduct bound to the carbene substrate

(6) and the TS structure (7).

AG (Kcal/mol)

Figure 6.3: Energy profile and T'S geometry (7) for the last step of the cyclopropa-
nation reaction.
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Protein-ligand docking of both (5) and (6) moieties were carried out on LmrR,
starting from the LmrRCheme X-ray structure with the heme group removed. For
both 5 and 6 four different binding poses with good predicted affinity (around 50
ChemScore units) were found (Table C.2), corresponding to rotations of the heme
group around the orthogonal axis with respect to the average plane of the heme pass-
ing through the metal. The best docking solutions of LmrRC5 showed the heme
sandwiched between W96/W96’, consistently with the crystal structure (Figure C.2
a, b). Since the residue W96/W96’ appears key for the enantioselective capacity of
the enzyme, the heme group was also docked into the variant LmrR_-W96A to assess
how this mutation could affect the binding of the heme group. In contrast to the WT
LmrR, in which all the docking poses resulted superimposed, this variant provided
a high variety of distinct orientations of the heme group at the hydrophobic cav-
ity (Figure C.2 ¢, d), supporting the experimental observation that the W96/ W96’
residues are essential for the packing of the heme moiety into the LmrR. Regard-
ing the LmrR bound to the heme-carbene complex (LmrRC6), low energy solutions
showed the W96’ residue flipped towards the solvent to provide free space for the
accommodation of the co-substrate at the active site (Figure C.2 g, h).

To assess the evolution over time of the different systems and elucidate possible
structural rearrangements, the four predicted structures of LmrRC5 and LmrRC6 (a
total of eight structures) were submitted to 100 ns MD simulations.

Cluster analysis of the merged trajectories for both LmrRC5 and LmrRC6 sys-
tems shows a high stability of the heme moiety at the active site, with W96/ W96’
residues generating a hydrophobic patch that packs the heme. To better analyse the
entire MD trajectory in term of individual frames, a cluster analysis was performed
(Figure C.3). Between the most populated clusters of the LmrRC5 system, some
(clusters 1 and 3-6) show high similarity with the X-ray structure, with the metal

center inaccessible to the solvent and, by extension, to the substrates (Figure 6.4 a,
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and C.4 a). Other clusters though (0 and 2), show changes in the conformation of
the helix containing the W96’ residue (a4) and the indole of W96’ reoriented towards
the entrance of the cavity. This is consistent with previous reports which state that
flexibility in the helix a4 is a major contributor for the LmrR to adapt its structure
to different drugs. [444] These changes are accompanied by a significant displace-
ment of the heme moiety towards the entrance of the active site, which results in an
“opened” conformation with significant free space at one axial face of the porphyrin.
This appears to be key for the metal center to be accessible to the substrates and the
catalysis to proceed (Figure 6.4 b, and C.4 b).

The MD simulations of the LmrR bound to the heme-carbene (LmrRC6), support
the role of the W96’ residue for the complex to accommodate at the active site: when
WO96™ appears pointing towards the hydrophobic core, the heme-carbene complex is
directed towards the solvent since there is not free space for the carbene to access
the active site (Figure 6.4 ¢, and C.4 c¢). In contrast, those trajectories resulting
from starting points in which the docking accommodates the ligand by rotating the
W96’ residue, the heme-carbene complex (6) remains properly located at the dimer
interface (Figure 6.4 d, and C.4 d).

Last, we analysed the effect of the second substrate (styrene) on the conformation
of LmrR scaffold. For that purpose, we use as model system the TS geometry of the
cyclopropanation reaction (complex 7), as this is the most bulky intermediate found
along the catalytic pathway.(Figure 6.3) Protein-ligand docking was performed into
the LmrR scaffold then subjected to the same analysis as before.

Docking results show good affinities (about 48 ChemScore units) between the
complex and the active site residues (Table C.2). However, in this case, all the
structures present the W96’ pointing towards the cavity. This makes the heme-TS
complex to be displaced towards the entrance of the cavity to accommodate the bulky

TS (Figure 6.5, left). The best scored pose was submitted to 100 ns MD simulation
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and cluster analysis. This revealed an alternative rearrangement of the LmrR scaffold:
the majority of the structures found (clusters 0, 2 and 3) suggest a broader dimer
interface in which the two helix containing the W96/W96’ residues appear further
separated to accommodate the catalytic complex at the hydrophobic cavity (Figure

6.4 e, and C.4 e). In this state, W96 appears to be key in stabilizing the TS geometry

via m-stacking with the phenyl group of the styrene.

Figure 6.4: Representative structures resulting from MD simulations of: the
LmrRCheme (5) system (a) cluster 3, RMSD with crystal of 1.634 A and b) cluster 2,
RMSD with crystal of 2.471 A. 400 ns MD simulation), the LmrRCheme-carbene (6)
system (c) cluster 0, RMSD with crystal of 0.548 A and d) cluster 2, RMSD with crys-
tal of 1.000 A. 400 ns MD simulation) and the heme bound to the cyclopropanation
transition state (7) (e) into LmrR, f) into LmrR_MS8A. 100 ns MD simulation).
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LmrR_M8Ac7

a

Figure 6.5: Best docking solutions of the heme-T'S complex (7) into the LmrR scaffold
(left) and its variant LmrR_M8A (right).

Since the M8A mutant showed the best results in catalysis, the dynamic behaviour
of this variant was also assessed. The system resulting from the docking of the heme-
TS (7) complex into LmrR showed a clear difference with respect to the WT LmrR:
in this case all the poses resulted with a W96’ pointing towards the solvent. This
suggests that the reduced size of the M8A residue allows allocating the heme-TS (7)
complex into the active site (Figure 6.5, right). The best docking solution was selected
as starting point for a 100 ns MD simulation. The results suggest that the effect of
the M8A mutation is mainly steric: the aromatic moiety of the styrene now occupies
the free space resulting from both the change of the bulky methionine into the much
smaller alanine and the rotation of the W96’ towards the solvent, enhancing again
the role of this residue to approach conformations compatible with catalysis (Figure

6.4 ).

6.1.5 Conclusions and final remarks

The combination of experimental work and computation demonstrates that the cy-
clopropanation reaction occurs unequivocally at the hydrophobic cavity of the LmrR

protein. Initially, this was counterintuitive since X-ray experiments showed a LmrR
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pocket fully occupied upon binding of the hemin, whereas heme enzymes (such as
P450) usually present a large hydrophobic cavity for binding substrates. Yet, the
artificial metalloenzyme exhibited good activity and enantioselectivity. Computation
shows that this ability is attributed to the dynamic nature of the LmrRCheme com-
plex, which involves significant geometric rearrangements of the heme environment
allowing binding of the substrates. The residue W96/W96’ located at helix a4/a4’
was identified as the main responsible to allow the heme-substrate complexes to reach
the center of the hydrophobic cavity. The combination of QM calculations, Protein-
ligand docking and MD simulations leaded to the identification of transient open
conformations which allow allocating the substrates at the active site and reaching

pre-catalytic states for the reaction to proceed.

6.2 Structure-function relationship in naturally
occurring heme binding proteins

Metal mediated recognition processes are of the most complex questions that molec-
ular biology has to address. The biological-inorganic interplay overcomes standard
knowledge in both chemical and biological sciences and the assessment of the relative
contributions of both partners in the recognition mechanism is extremely challeng-
ing. [446]

The heme is the most ubiquitous naturally occurring inorganic ligand and, there-
fore, represents a prototypical system to decode the organometallic binding to pro-
teins. Due to the versatility of heme mediated catalysis, in the last years ArM de-
sign has stand on heme binding recognition to approach new-to-Nature reactions.
[57,171,172,447] However, the common knowledge about the heme binding process

to hosts, regarding active site dynamics, the interplay between the protein-cofactor-
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substrate triad and the sensitivity of all these phenomena to environmental magni-
tudes is still quite limited.

Recent studies on heme binding proteins have related changes in the media and/or
certain residues of the protein with structural rearrangements that can affect the
substrate recognition process and the catalytic activity. [413, 448, 449] Specifically,
modifications on the protonation state of amino acids at the active site can promote
structural rearragements key for the regulation of heme mediated processes. [450] In
the last years, several studies show the potential of MD simulations to access to these
structural rearrangements and identify active vs inactive conformations at the heme
binding sites. [413,448,449,451-453]

Since heme is so frequently found in Nature and it is increasingly used in the en-
zyme design field, we decided to move forward in this PhD by working on simulations
on naturally occurring heme binding proteins that could shed light on bioinorganic
recognition processes. In this study we combine Protein-ligand docking and large-
scale MD simulations to study the interplay between active site dynamics and the
regulation of heme recognition and heme based catalysis. For that purpose, we de-
cided to focus on systems which involve the coordination of the metal center by the
protein. These were: 1) The hemophore HasA, to asses, on one hand, how the heme
binding can be mediated by the structural accessibility of the apo cavity and, on the
other hand, how this process can be dependent on changes in the protonation state
of the active site amino acids. 2) The Latex Cleaving Protein (LCP), a system that
exemplifies very well the interplay between receptor dynamics, heme binding and sub-
strate accessibility. We consider this is a good candidate to gain more insights about
the strategies for modulating both heme binding and heme mediated catalysis at the

protein binding site.
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6.2.1 Computational Details

Model systems

The X-ray structures of HasA (PDB code: 1dkh) and both the apo and holo forms
of LCP (PDB codes: 5olm and 50ll, respectively) of the heme-binding proteins were
taken from the Protein Data Bank (PDB). [28] The crystallographic waters were
removed from the model. Duplicated conformers of amino acids were replaced by

consistent rotamers from the Dunbrack rotamer library [346] of Chimera program.

291]

Protein-ligand docking

Docking calculations of the heme moiety into the X-ray HasA and LCP proteins were
carried out with GOLD5.2 program. [236] The side chains flexibility was taken into
account using the rotamer library implemented in the same program. An adapted
version of the GoldScore scoring function able to consider interactions between the
protein and the first coordination sphere of the metal was used for evaluation of the

poses. [454] The solutions were analysed with GaudiView. [455]

Molecular Dynamics simulations

Molecular dynamics (MD) simulations were set up with the xleap program. [208] The
proteins were solvated with cubic box of water molecules using the TIP3P force-field.
[347] Sodium ions were added to neutralize the simulation cell using the ions94.lib
library. The force-field terms involving the first coordination sphere of the metal
center were calculated via standard approaches. The force constants and equilibrium
parameters were obtained through the Seminario’s method [302] from a minimum
considering the singlet state for the metal. Calculations were performed with the

Gaussian 09 program [264] at DFT level using B3LYP-D3 functional. [200-202] The
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6-31g(d,p) basis set [335-337] was used for non-metallic atoms and the SDD [338]
including a f polarization function was used for the iron. The rest of parameters
involving non-metallic atoms were obtained from the GAFF force-field. [223] The
point charges were calculated with antechamber [311] using the RESP model. [305]
The cutoff for the Van der Waals and short-range electrostatics interactions was
set to 10 A. The long-range electrostatic interactions were calculated via the Ewald
Particle Mesh method. [283] The SHAKE algorithm [348] was used to constrain bonds
engaging hydrogen atoms. The equation of motion was integrated with a Langevin
integrator [349,350] and using a time step of 1 fs. To get constant temperature and
pressure the system was coupled to a Monte Carlo barostat at 1.01325 bar. [351]
OpenMM 7.0 program [352] was used to run all the MD simulations. A 3000 steps
energy minimization was initially performed to progressively allow accommodating
the water molecules, side chains and the backbone; then, the temperature was in-
creased from 100 to 330 K to allow thermalization of water molecules and side chains;

after that, 100 ns of production were carried out and further analysed.

6.2.2 The case of study of the latex cleaving protein LCP
An overview

The latex clearing protein LCP has a crucial role in cropping latex molecules and
is known to regulate the process by promoting conformational changes at the active
site, which involve the reorientation of coordinating residues. Solved 3D structures
show that the main protagonist in this regulation is the K167 residue, which is placed
at one face of the porphyrin plane (Figure 6.6) and is able to control the access of
latex molecules to the metal center throughout its direct coordination. According to
X-ray structures, this interaction with K167 is accompanied by a closed arrangement
of the loop successive to this helix, which appears blocking the entrance of the heme

bound cavity. This is known as a “closed” (inactive) conformation (PDB code: 5o0im)
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(Figure 6.6 a). In contrast, K167 is also able to acquire an “opened” (active) state
(PDB code: 5oil), in which it is oriented towards the solvent and makes the metal
center accessible to latex molecules. In this case, the loop does not appear blocking
the entrance of the pore anymore, but is reoriented acquiring an opened state (Figure

6.6 b).

Figure 6.6: X-ray structures of the a) "closed” (PDB code: 50im) and b) "opened”
(PDB code: 5oil) states of the LCP protein. The red arrow is pointing to the loop
which mediates the opening or closing of the entrance of the cavity.

Results and discussion

100 ns MD simulation of the apo form of LCP protein in its open state suggests
that this state is highly stable in absence of the heme group. During the simulation
time scale no transition from the opened to the closed state is observed (Figure
6.7 a, b). However, it is important to remark that the helix containing the lysine
K167 shows significant flexibility during the simulation in contrast to the rest of
the system, appearing highly distorted with respect to the X-ray (Figure 6.7 b).
Clustering analysis supports this observation showing several conformations related
to movements of the helix, which suggests a possible role in the transition from the
closed to the opened state or vice versa.

Aiming to check if the protonation state of the lysine K167 could have any role

in promoting these conformational changes, the same starting point but with a de-
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protonated lysine was considered. After 100 ns of MD simulation, similar dynamic
tendencies between the two systems were found. In this case, MD simulations were
not able to relate the protonation state of the K167 with the modulation of the
transition from opened to closed states.

With respect to the 501l (closed) system, 100 ns MD simulation of the apo form
were also carried out. Although significant rearrangements concerning the backbone
of the protein are not observed, substantial changes are found at the final stage of
the trajectory regarding the position of the lysine K167, which appears reoriented
towards the solvent. Thus, in this case the MD simulation was elongated during 50
ns. After this time, rearrangements in the backbone were elucidated. The loop that
initially appeared blocking the entrance of the pore transits from the closed to the
opened conformation (Figure 6.7 c¢). Representative structures of the acquired open
state, significantly differ from the closed 3D structure (501m) used as starting point
(Figure 6.7 d). In contrast, the new state appears quite similar to the 3D structure
related to the opened state (5011) (Figure 6.7 e). All this together suggests that, in
absence of the heme group, the protein tends to transit from the closed to the opened

state.
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Figure 6.7: Representative structures of a) 100 ns MD simulation of the apo protein
(in grey), starting from the opened state (501l), both superimposed in b) being the
X-ray structure represented in tan; and c) repressentative structure of 150 ns MD
simulation (in grey), starting from the closed state (50lm), superimposed with the
X-ray (in tan) corresponding to d) the closed state (50lm) and e) the opened state
(5oll).

To further assess the possible role of the protonation state of K167 residue in this
transition, the 3D structure corresponding to the closed arrangement (50lm) was
used as starting point, but in this case with lysine K167 in a deprotonated state.
Surprisingly, after 100 ns of MD simulation, the backbone maintained the closed con-
formation (Figure 6.8). To ensure about the stability of this state, the MD simulation
was elongated during 100 ns more, time after which the protein continued in a closed
arrangement. Further analysis about the nature of the interactions occurring at the
active site showed that the deprotonated K167 is able to perform transient interac-
tions via hydrogen bonds with H167 (Figure 6.8 a, and C.5) and R133 (Figure 6.8

b, and C.5), which seems to contribute to maintain the lysine oriented towards the
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cavity. It seems that this disposition of K167 prevents cascade effects occurring at the

helix containing this lysine, and results in the maintenance of the closed conformation

of the loop.

Figure 6.8: 200 ns MD simulation of the apo form of 50lm (closed) with a depro-
tonated K167 residue. Stabilizing interactions are found along the simulation time
scale both with a) H198 and b) R164. In ¢) the frames (in grey) are superimposed to
the X-ray structure (in tan) used as starting point.

Conclusions

Results suggest that both lysine K167 and the loop located at the entrance of the
active site could act in synergy to block the catalytic activity of LCP: when the
deprotonated K167 chelates the metal center, first, this makes it inaccessible to latex
molecules and, second, this avoids cascade effects preventing the loop to acquire a
opened state.

These conformational rearrangements could also have an important role in the
binding of the heme group: MD simulations of the closed apo forms containing either
a deprotonated or a protonated K167, suggest an opposite behaviour regarding the
opening or closing of the entrance of the pore. While with the protonated K167 the
apo cavity tends to acquire an opened arrangement, the deprotonated K167 remains
oriented towards the cavity preventing the opening of the loop and, by extension, the

accessibility of the porphyrin. This suggests that changes on environmental factors
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that may affect the protonation state of K167, could be key for the accessibility of
the heme group to the active site of the LCP protein.

These results suggest that the protonation state of the amino acids located at the
binding sites of natural heme binding proteins can play an important role both in the
binding of the porphyrin as well as in the regulation of catalysis. Also, that this regu-
lation can be governed by conformational changes of the heme binding cavity. Again,
the combination of Protein-ligand docking and MD simulations has demonstrated to
be a good approximation to assess the rearrangements resulting from slight changes
occurring at the active site, in this case to characterize the heme binding into the

LCP protein.

6.2.3 The case of study of the hemophore HasA

An overview

HasA is the first hemophore that was described at molecular level. [456] It is secreted
by the Gram negative bacteria S. marcercens to the extra-cellular media under iron
deficiency conditions to extract the heme group from hemoglobin. [457] Then, a syn-
ergistic incorporation of heme group into the bacteria is performed by increasing the
efficiency of the membrane receptor HasR, which releases the heme into the bacterium
to be used as iron source. The coordination of the heme group at the active site of the
hemophore is associated with low redox potentials. Both this and the stability of the
heme at the active site have been demonstrated to be enhanced when the coordinating
histidine is partially or totally deprotonated. [457] These features makes the HasA
hemophore a good model system for our purposes based on assessing if the chemical
properties of the active site can affect its dynamical behaviour and, therefore, the
binding of the heme group.

The X-ray hemophore HasA (PDB code: 1dkh) was used as initial model system.

It contains two large loops able to pack the heme group and coordinate the metal

167



center through interactions with histidine H32 at loop A and tyrosine Y75 at loop
B. Also hydrophobic interactions (V37, F45, 150, L77 and F78) and hydrogen bonds
between N34 and one of the carboxylic groups of the porphyrin seems to stabilize the

binding (Figure 6.9).

Figure 6.9: X-ray structure of the hemophore HasA (PDB code: 1dkh).

Aiming to describe the dynamical behaviour of the active site and to assess the
possible influence of the protonation state of the coordinating amino acids (H32 and
Y75) in the structural arrangement of the active site, the apo form of the HasA protein
was considered in different protonation states: 1) histidine protonated in epsilon H32¢
and tyrosine protonated Y75 (system H325-Y75%), 2) histidine protonated in delta
H32? and tyrosine protonated Y757 (system H32°-Y757) and 3) histidine protonated

in delta H32° and tyrosine deprotonated Y75 (system H32°-Y75).

Results and discussion

For system 1) H325-Y757 the apo form of HasA was not stabilized until 40 ns of
simulation due to significant rearrangements of the loops A and B. In absence of the
porphyrin, these loops interact together acquiring a closed arrangement. Residues

H32° and tyrosine Y75 appear interacting through a hydrogen bond (Figure 6.10 a,
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b). This conformation is additionally stabilized by both a hydrogen bond between
the tyrosine Y757 and the carbonyl group of the backbone of the glycine G33, and
hydrophobic interactions between the amino acids that were previously stabilizing
the heme group. Cluster analysis reveals that this geometry is significantly the most
representative during the last 60 ns of MD simulation (Figure C.6).

For system 2) H32°-Y75 the change in the protonation state of H32 does not
allow its interaction with Y75, so this histidine appears flipped towards the solvent
(Figure 6.10 ¢, d). Instead, Y757 interacts with the carbonyl group of the backbone
of the G33, in loop A. This interaction seems to help to maintain the loops in a closed
arrangement even lost the hydrogen bond between H32? and Y757,

Regarding the system 3) H32°-Y75 and consistently with system 2), residue H32°
appears oriented towards the solvent due to the lack of interactions with Y75 (Figure
6.10 e, f). In this case, the hydrogen bond between Y75 and the backbone of G33 is
neither possible. Interestingly, the direct consequence of this state, is that the loops
A and B are able to maintain open configurations. This suggests that the protonation
state of the tyrosine Y75 can be one of the main responsible of the opening or closing
of the loops A and B.

Interestingly, the protonation state of system 3) H32°-Y75, which is the unique
that leads to open conformations of loops A and B, is the only able to chelate the heme
group. Aiming to assess if the found open states during the MD simulation of system
3) are able to accommodate the heme group, Protein-ligand docking was performed
using as host a selected frame corresponding to a properly located histidine that may
be able to coordinate the metal center (Figure 6.11). The resulting structure was
submitted to 100 ns of MD simulation. Even this work is being currently performed
and these results are not yet available, MD simulations suggests two possible binding
modes of the heme group at the HasA binding site: one which corresponds with the

coordination state found in the X-ray structure (involving H32° and Y75) and an
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Figure 6.10: Results from 100 ns MD simulation (in grey) and their superimposition
with the X-ray structure (in tan) of the HasA protein (PDB code: 1dkh) of rep-
resentative structures along the simulation of a) H325-Y757 b) H32°-Y75 and c)
H32%-Y75 systems.
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Figure 6.11: Structure resulting from Protein-ligand docking using as host a selected
"opened” frame from 100 ns simulation of system 3) H32°-Y75.

additional one that was not considered before, which involves coordination of the
metal center with histidine H83. Even the X-ray structure is consistent only with
the first case, the second is supported by previous experimental work in which the

binding of the heme was suggested to involve two histidines. [457]

Conclusions

Our results show that the cavity of the apo form of the HasA protein can adopts a wide
variety of conformations. These appear highly dependent on the protonation state of
the residues located at the active site. MD simulations on variants involving proto-
nation states for the coordinating residues H32 and Y75 of the type 1) H325-Y757
and 2) H32°-Y75 do not lead to opened states of the loops responsible of binding
the heme moiety (loops A and B). In contrast, in the MD simulation involving the
coordination state 3) H32°-Y75, the system accesses to such opened conformations.
Interestingly, this protonation state is the adequate for residues H32 and Y75 coordi-
nate the metal center. This opened state has been successfully used as host to dock
the heme group inside the cavity. Additionally, current work suggests an alternative

binding mode not observed in the X-ray, involving histidines H32° and HS83.
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This work sustains that the heme recognition process can occur throughout con-
formational selection. Additionally, results suggest that this is regulated by changes
on the protonation state of the coordinating amino acids at the protein active site.
The proper combination of Protein-ligand docking and MD simulation techniques re-
sults again powerful to elucidate and characterize complex biomolecular process such
as, in this case, the conformational regulation of the heme binding in a naturally

occurring hemophore.
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Chapter 7

Conclusions

The primary goal of this Ph.D. has been to assess if the correct tuning and com-
bination of standard molecular modelling tools (Quantum Mechanics based calcu-
lations, Protein-ligand docking, Molecular Dynamics simulations and Quantum Me-
chanics/Molecular Mechanics) allows the in silico driven design of Artificial Metal-
loenzymes (ArMs). Overall, this objective has been reached by leading to accurate
multiscale strategies which not only have allowed rationalizing the catalytic mecha-
nisms of existing ArMs but also designing de novo systems.

The discrete objectives reached can be summarize for each chapter:

e Chapter 4 shows that the multiscale strategies allows rationalizing ArMs mech-
anisms like the hydration of alkenes or the impact of directed evolution of an
artificial ATHase. The most important novelty of this work is to confirm that
the inclusion of MD simulations in our modelling protocol appeared essential
to assess key aspects in the catalytic mechanisms (and more in particular the

identification of pre-reactive structures) for the different systems studied.

e Chapter 5 shows the interest of multiscale strategies for the de novo enzyme
design and re-design. Focusing of including a cooper coordinating unnatural

amino acid (UAA) in biological scaffolds, this resulted in the most challenging
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study along the thesis and, waiting for experimental validation, this opens the
way for the discovery of new catalytically active metallopeptides for copper

mediated enantioselective catalysis.

e Chapter 6 finally aimed at better assessing several fundamental aspects that
modelling should account for and were characterized along the Ph.D. Using as
model systems a recently de novo designed heme binding ArM and two natural
heme binding proteins, computation was used, first, to understand how active
site dynamics can allow to access to pre-catalytic conformations and, second, to
gain more insight about how naturally occurring heme binding proteins are able
to regulate either the heme binding process and /or the heme mediated catalysis.
Again, the combination of Protein-ligand docking and MD simulations appeared
indispensable to elucidate the behaviour of the studied systems under different

conditions.

For all those systems studied along this thesis for which no crystallographic infor-
mation was available, the Protein-ligand docking technique appeared essential as it
was key to construct the starting point of our model systems. However, refinement
via MD simulations was critical to gain more insights about the protein adaptability
after the inclusion of the different cofactors and also to have access to pre-catalytic
structures that would not have been never accessible via flexible docking simulations.

The full list of studies exposed along this dissertation shows also the challenges

that had to be overcome and some of the limitations that we had to confront:

e The first one was related to the lack of crystallographic material for many of the
studied Artificial Metalloenzymes, which forced us to generate models without
initial knowledge about the type of interactions between the proteins and the

catalysts.

174



e Related with the previous one, came the challenge of dealing with metal ions in
non-quantum based approaches. We had to optimize the pipeline for efficient
parametrization in force-field based techniques (Protein-ligand docking and MD
simulations). Furthermore, we faced the necessity to limit the force-field simu-
lations to discrete states of the catalysis (Michaelis complexes, transition state
structures or intermediates) and never consider changes on the chemical state

of the cofactor-substrate complexes.

e Another challenge was to generate analytical tools to find pre-reactive structures
that could be occupied at room temperature although being minority during
the full length of the MD simulation. This point resulted key to rationalize
the enantiomeric tendencies observed for the different ArMs studied along this

thesis.

e Separately, we had to adapt on the complexity of dealing with a reaction mech-
anism which involve solvent molecules as reactant. This made extra difficult
the characterization of the catalytic pathways as well as working under the
QM/MM framework for water molecule activation in solvent exposed binding
sites. This actually consist in one of the still remaining limitation in quantum
based techniques for simulating catalytic processes: how to deal with water

molecule activation when the system is exposed to a network of water molecules.

e Finally, confronting the conformational space of cofactor binding between the-
oretical calculation and X-ray snapshots is still challenge, especially when loop

rearrangements are involved, as was the case in the presented studies.

Despite the numerous challenges, these did not impede us go throughout the
different stages of the initial pipeline. We firmly think that the work contained in this
dissertation sheds light on the numerous applications resulting from the combination

of standard computational tools, specially for studying and designing new ArMs, one
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of the most trending and promising fields in protein engineering for the discovery of

new-to-Nature reactions.
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Appendix A

Chapter 4 - Supplementary

information
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A.1 The study of the Cu-catalysed hydration of

alkenes in water and into the context of an

artificial metallohydratase
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Figure A.1: Comparison between small (red) and big (black) model systems of the
radial distribution function for a) the oxygen of the nucleophilic water (wyo) with
hydrogens of environmental waters (wy), b) the beta carbon of the double bond ()
with surrounding water molecules (wg), skipping the restrained nucleophilic one, and
¢) the alpha carbon of the double bond («) and surrounding water molecules (wy).
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Figure A.2: Examples of two (left) and four (right) member water chains found along
12 ps of restrained AIMD.
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Figure A.3: Distances between the nucleophilic water proton wyg and the nucle-
ophilic water oxygen wyo along 1 ps of unrestrained AIMD. Proton jumping was
observed from the starting points selected at 6 (left), 8 (center) and 9 (last) ps of
restrained AIMD.
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Figure A.4: RMSD (top) and distance (bottom) in A between the substrate double
bond and D100/D100’ residues along 100 ns MD simulation.
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Figure A.5: Number of pre-catalytic structures found among 25000 frames selected
from 100 ns MD simulation.
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A.2 An artificial enantioselective imine reductase
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Figure A.6: Directed evolution tree to afford the (R)- or (S)-selective ATHase for
PPL, salsolidine and PDQ substrates. The variants selected for the computational

study are highlighted in blue.
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from the metadynamics for variants V1 (left) and V2 (right), in blue, and their
corresponding X-ray structure, in tan.
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B.1 An artificial metallohydratase including the

non-canonical amino acid Ala-2,2’-bipyridine
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Figure B.1: Data of the MD simulations for (top to bottom) LmrR_-M89X,
LmrR_-M89X_D100E, LmrR_-M89X_V15E, LmrR_M89X_WI6E. Left histogram: num-
ber of water molecules (Nyq) within 5 A from the 3 carbon of substrate 1a. Middle
and right histograms: pre-catalytic N, with respect to the 5 carbon of the substrates
la and 1a’, respectively, blue for the pro-S face and green for the pro-R face.
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Table B.2: For each variant, the table shows the number of times a pre-reactive
conformation involving an Asp or Glu residue is observed. 10.000 frames from 100 ns

of MD simulations were analysed.

BpyA-Cu(Il)-1a

BpyA-Cu(Il)-1a’

Variant Pro-R Pro-S Pro-R Pro-S
D100’-866 E94-34 D100-100
M89X E104-1 D100’-7 E104-9 -
E107-6 E104’-1 E107-14
E100-45
E&7-45 E100-366 E100-34
E100°-257
M89X _D100E E100-5 E104-13 E94’-1
E104’-16
E100’-30 E100’-13 E100’-1
E107-193
E15-904 E15-503
MS89X_V15E D100’-1235 D100-1 E15’-263 D100-4
E107-2 D100’-215
E7-32
E96-384 E&7-19 E7-3
E96-314
D100-19 E96-908 E96-1650
D100-80
MB89X_WI6E E96’-293 D100-58 D100-384
E104-64
D100’-793 E967-2744 E104-4
E107-13
E107-3 D100’-18 E97-1238
E97-32
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Table B.3: Number of pre-reactive frames with a distance less than 5 A between the
[ carbon of the substrate and the oxigens of the D/E residues . 10.000 frames from
100 ns of MD simulations were analysed.

BpyA-Cu(Il)-1a  BpyA-Cu(II)-1a’

Variant Pro-R Pro-$ Pro-R Pro-$
M89X 113 1 123 0
M89X _D100E 44 12 51 5
M89X _V15E 541 217 97 0
M89X_WI6E 739 1528 172 1300

Table B.4: Docking predicted distances (A) among the mutated residues and the
[-carbon of the double bond of both substrates.

Variant Residue 0-Cp 0-Cp’
M89X D100 5.72 6.04
D100’ 6.22 8.62
M89X _V15E V15E 3.76 6.85
V15E’ 7.34 3.74
M89X_WI6E WOI6E 3.23 5.42
WOI6E’ 3.91 5.45
M89X _D100E D100E 5.51 6.51
D100E’ 7.62 9.87
M89X_MSE MSE 8.75 3.95
MSE’ 8.67 10.21
MS89X_A92E A92E 15.42 16.92
A92E’ 17.66 13.63
M89X _S95E S95E 9.79 13.73
S95E’ 13.18 12.21
M89X_Q12E Q12E 8.34 7.12
QI12E’ 7.57 8.26
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Figure B.2: Representation of the contribution of each residue to form pre-catalytic
configurations in the variant LmrR_-M89X_WOI6E.
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Appendix C

Chapter 6 - Supplementary

information

C.1 An artificial heme enzyme for enantioselective

cyclopropanation reactions

Figure C.1: Solved crystal structure of the LmrR bound to the heme group (PDB
code: 6UUF).
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Table C.1: Experimental results of the enantioselective cyclopropanation reaction
catalysed by the LmrRCheme system and its variants. [171]

entry LmrR 1 3 Yield% TTN 3/4 ee %!
1 - 1a 3a 5+2 51 0.8 -
2 LmrR 1a 3a 2511 247 1 175
3 LmrR _F93A 1a 3a 232 232 9 111
4 LmrR 1a 3a

D100A 38+8 375 20 24+5
5 LmrR 1a 3a

_W9BA 28 £13 276 8 <5
6 Lo s, 18 %@ 16 o ue 4 17 +1

= 0.5

7 LmrR _M8A 1a 3a 36 +13 359 15 44 £ 12
8l - 1a 3a 532 51 0.8 -
gl LmrR _M8A 1a 3a 45+ 9 449 6 51+ 14
1086 - 1b 3b 6+0 59 n.d -

111 LmrR _MB8A 1b 3b 39+13 391 n.d 38 + 51
1219 - 1c 3¢ 10 12 0.2 -

13l LmrR_MBA 1¢ 3¢ 35+13 351 3 255

[a] Conditions: 1 (30 mM), 2 (10 mM), hemin (1 mol%; 10 pM), LmrR_X (1.1
mol%; 11 uM) in 50 mM phosphate buffer (pH 8.0), under Ar, at 4°C for 18h;
Results are the average of at least two independent experiments, both carried
out in duplicate. [b] of the trans product; trans:cis > 85:15. [c] pH 7.0. [d] of the
1R, 2R enantiomer.
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Figure C.2: The column in the left corresponds with structures resulting from docking
and the column on the right, these superimposed with the X-ray structure. The image
shows selected docking solutions for: the heme group bound to a) b) LmrR and c)
d) LmrR-W96A; e) f) the LmrR bound to the heme-carbene complex with the W96’
pointing towards the cavity maintaining a "closed” orientation similar to the X-ray
structure; and g) h) the LmrR bound to the heme-carbene complex with the W96’
flipped towards the solvent leading to a "opened” conformation.
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Figure C.3: Cluster analysis of the MD simulations for the LmrR bound to heme
(5) and its adducts with the carbene substrate (6) and with transition state of the

cyclopropanation reaction (7).

LmrR_MS8A were assessed.
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Figure C.4: Superimposition of the X-ray structure of the LmrRCheme complex
(PDQ code: 6UUF - silver) and representative structures resulting from MD sim-
ulations (gold) of: the LmrR-heme system (a) cluster 3, representative frame of a
non-catalytic closed structure and (b) cluster 2, representative frame of an open
structure accessible to substrates. Data collected from 400 ns MD simulation), the
LmrR-heme-carbene system (c) cluster 0, representative frame of a closed structure
in which the heme-carbene complex is displaced towards the solvent and d) cluster
2, an open conformation in which the heme-carbene complex fits at the active site
of the LmrR protein. Data collected from 400 ns MD simulation), and e) the LmrR
protein bound to the transition state for the cyclopropanation reaction (involving the
heme bound to the carbene and styrene substrates), which promotes the opening of
the active site and allows the complex to be located at the dimer interface.
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C.2 Structure-function relationship in naturally

ocurring hemophores

Distance (A)

'K167-R164
K167-H198

Figure C.5: Distances analaysis corresponding to 200 ns of MD simulation of the
apo form of the LCP protein in its closed state (50lm) and with deprotonated K167.
Graph shows the distances between the nitrogen of K167 and the corresponding hy-
drogen of R164 (labelled in red) and H198 (labelled in black).
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Figure C.6: Cluster analysis of the MD simulations for the systems a. H325-Y75, b.
H32°-Y75 and c¢. H32°-Y75 of the HasA protein.
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